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 Trapp et al. (2017, JAS) used idealized model simulations of supercell thunderstorms to 
demonstrate support of their hypothesis that wide, intense tornadoes should form more readily 
out of wide, rotating updrafts.  Observational data were used herein to test the generality of this 
hypothesis, especially to tornado-bearing convective morphologies such as quasi-linear 
convective systems (QLCSs), and within environments such as those found in the southeastern 
U.S. during boreal spring and autumn. A new radar dataset was assembled that focuses explicitly 
on the pre-tornadic characteristics of the mesocyclone, such as width and differential velocity: 
the pre-tornadic focus allows us to eliminate the effects of the tornado itself on the mesocyclone 
characteristics. GR2Analyst was used to manually analyze 80 tornadic events during the period 1 
April 2011 to 1 May 2019. The corresponding tornadoes had damage (EF) ratings ranging from 
EF0 to EF5, and all were within 100 km of a WSR-88D. A key finding is that the linear 
regression between the mean, pre-tornadic mesocyclone width and the EF rating of the 
corresponding tornado yields a coefficient of determination (R2) value of 0.75. This linear 
relationship is the higher for discrete (supercell) cases (R2=0.82), and lower for QLCS cases 
(R2=0.37). Overall, we have found that pre-tornadic mesocyclone width tends to be a persistent, 
relatively time-invariant characteristic that is a good predictor of potential tornado intensity. In 
contrast, the pre-tornadic mesocyclone intensity (differential velocity) tends to exhibit 
considerable time variability, and thus would offer less reliability in anticipating tornado 
intensity. Additionally, the environmental characteristics of each case were analyzed and 
compared to the pre-tornadic mesocyclone characteristics to better understand the environmental 
controls on the pre-tornadic mesocyclone width and intensity. Initial findings support a stronger 
relationship between the pre-tornadic mesocyclone and thermodynamic parameters than with 
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CHAPTER 1: INTRODUCTION 
 
Analyses of tornado occurrence show that strong to violent tornadoes cause a 
disproportionate amount of damage and fatalities (Ashley 2007). This is mainly due to the 
tendency for strong to violent tornadoes to have the widest and longest damage paths (Brooks 
2004).  
 In an attempt to explain this relationship, Trapp et al. (2017; hereinafter T17) posed the 
simple hypothesis that wide, intense tornadoes should form more readily from a contraction of 
wide mesocyclones or, equivalently, wide rotating updrafts. Support for this hypothesis was 
found in a set of idealized numerical simulations of supercell thunderstorms, which revealed 
robust linear correlations between updraft area and peak near-surface vertical vorticity (a proxy 
for tornado-like vortex strength). Updraft area itself was found to correlate most strongly with 
the low-level environmental vertical wind shear (see also Kirkpatrick et al. 2009; Trapp et al. 
2018).  
 This hypothesis – and indeed the current study – is unconcerned with the specific details 
of the processes leading to tornadogenesis, for example, whether (and how) near-ground vertical 
rotation originates from a forward-flank region and/or rear-flank region, etc. (e.g., see 
Markowski and Richardson 2009; Trapp 2013; Davies-Jones 2015). However, as already noted, 
the T17 hypothesis does require that the tornado develop from a contraction of “parent” vertical 
vorticity, which is present over some surface-based depth. This parent vertical vorticity, which 
out of convenience is referred to as a mesocyclone, is necessarily represented herein as a 
Doppler-velocity couplet in Doppler radar data (see methodology). Implicitly, the conceptual 
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model underlying T17–and therefore also the present study–is that of a supercell, although as we 
will show, the tornado-generating storm need not be a supercell for T17’s hypothesis to hold. 
Specifically, quasi-linear convective systems (QLCSs) are known to develop tornadoes from a 
contraction of a parent (meso-) vortex (e.g., Trapp et al. 1999; Atkins et al. 2004) that can 
originate from supercell-like processes, such as the tilting of baroclinically generated horizontal 
vorticity (e.g., Trapp and Weisman 2003; Wheatley and Trapp 2008; Parker et al. 2019). QLCSs 
have also been shown (e.g., most recently by Conrad and Knupp 2019; see also Carbone 1983; 
Wheatley and Trapp 2008) to generate tornadoes through processes involving the release of a 
horizontal shearing instability (HSI). Even in these HSI-type cases, there is still a parent (miso-) 
vortex that is contracted into the tornado (e.g., see Lee and Wilhelmson 1997). Thus, as in 
supercells, the pre-tornadic characteristics of these parent vortices should also exert a strong 
control on the eventual tornado intensity.  
 To help illustrate this, we recall that the physical basis for the T17 hypothesis is 
conservation of angular momentum, or equivalently, Kelvin’s circulation theorem, which can be 
represented by: 
2𝜋𝑢 𝑟 = Γ = 2𝜋𝑢 𝑟 ,     (1) 
where 𝑟  and 𝑢  (𝑟  and 𝑢 ) are, respectively, the radius and tangential wind speed of the 
tornado (pre-tornadic mesocyclone), and  is circulation. T17 used the mesocyclone dataset of 
Trapp et al. (2005a) in Eq. (1) to demonstrate that a contraction of a large- 𝑟 , weak-
𝑢  mesocyclone more likely explains the existence of a large-𝑟 , strong-𝑢  tornado than does a 
small-𝑟 , strong-𝑢  mesocyclone. This is due to the fact that as 𝑟   is reduced, the necessarily 
stronger 𝑢  (through Eq. 1) becomes implausibly high for pre-tornadic mesocyclonic rotational 
velocities, and even approaches the 𝑢  of strong tornadoes. 
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 One of the limitations of the Trapp et al. (2005a) dataset, and indeed of the larger and 
more comprehensive datasets of Smith et al. (2015) and Thompson et al. (2017), is that the 
diagnosed characteristics such as rotational velocity, differential velocity, and radius are of the 
mesocyclone while the tornado was in progress. In other words, the tornado characteristics are 
aliased onto those of the mesocyclone, implying that descriptions such as “clear and tight” 
(Thompson et al. 2017) refer at least in part to the tornado. This inclusion of the tornado was 
intentional in the studies of Smith et al. (2015) and Thompson et al. (2017), as well as in the 
more foundational study of Toth et al. (2013), who all sought to use tornadic-mesocyclone 
characteristics to help diagnose tornado intensity or damage rating. The objective of our study, 
on the other hand, is to use pre-tornadic mesocyclone characteristics to predict tornado intensity 
or damage rating, conditional on tornadogenesis. A dataset that can be used toward this end does 
not, to our knowledge, exist in the published literature beyond that of Davis and Parker (2014), 
who compiled a pre-tornadic mesocyclone dataset but did not expand their case selection outside 
of high shear, low convective available potential energy (CAPE) (HSLC) environments, and also 
did not reference an EF scale. 
 In chapter 2, the creation of a diverse mesocyclone dataset is described, as is the 
method employed to analyze the mesocyclone characteristics. The results of the analyses are 
presented which show that observed intense tornadoes tend to form more readily out of wide 
mesocyclones within different convective modes and environments. A discussion of how these 
results might be applied in an operational setting is then provided, followed by a summary and 
conclusion in chapter 4. 
Chapter 2 discusses how a new observational radar dataset of 102 tornadic events that 
encompassed a reasonable sample of parent-storm morphologies, seasonal and geographical 
4 
diversity, and presumed variations in environmental conditions was assembled. The assembled 
dataset focused explicitly on pre-tornadic mesocyclone characteristics, and was used to further 
explore Trapp et al. (2017)’s hypothesis that wide, intense tornadoes should form more readily 
out of wide, rotating updrafts. The pre-tornadic focus allowed for the elimination of the effects of 
the tornado itself on the mesocyclone characteristics, and thus provided for the exploration of 
any relationships between the pre-tornadic mesocyclone and tornado intensity. The robust 
correlation shown between pre-tornadic mesocyclone width and EF rating in chapter 2 warrants 
investigation of the environmental characteristics of each case, to better understand the 
environmental controls on the pre-tornadic mesocyclone width and intensity across different 
convective modes which is the focus of chapter 3.  
Several studies have explored the near-storm environments of severe convective 
thunderstorms, with a focus on warning issuance, tornado intensity, tornadogenesis or lack 
thereof, and other severe hazards (Thompson et al. 2007; Grams et al. 2012; Thompson et al. 
2012; Brotzge et al. 2013; Parker 2014; Smith et al. 2015; Anderson-Frey et al. 2016). A 
common conclusion from these works is that supercell tornado environments are characterized 
by large values of: mixed-layer CAPE (MLCAPE), 0-6 km bulk shear (S06), 0-1 km bulk shear 
(S01), 0-1 km storm-relative helicity (01SRH), and composite parameters such as the supercell 
composite parameter (SCP) and the significant tornado parameter (STP), especially when these 
conditions are found to be concurrent with one another. 
There has not been any substantial work that focuses explicitly on the relationships 
between mesocyclone characteristics and the environment in which they form, especially pre-
tornadic mesocyclones. Thompson et al. (2012) found that the strength of mesocyclones in 
discrete right-moving supercells increases with increasing SCP and STP, but they quantified 
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mesocyclone strength when then tornado was in progress, and thus their findings are more 
applicable to tornado strength. In idealized modeling experiments in which the environmental 
vertical wind shear was varied, Trapp et al. (2017) found that the supercell updraft core area and 
mesocyclone area increased over the depth of the storm with increasing hodograph radius and the 
associated increase in 0-6 km bulk wind shear and 0-3 km SRH. Kirkpatrick et al. (2009) found, 
through a large set of simulated convective storms, that updrafts tend to be wider and stronger in 
high-CAPE, high-shear environments, especially when there is a raised level of free convection. 
As updraft area increases, the dilution of updraft buoyancy by entrainment decreases (Warner 
1970; Peter et al. 2019). The widest updraft cores are found in supercell thunderstorms, and they 
tend to have the largest core buoyancy and are thus stronger because their wide, rotating cores 
are less susceptible to entrainment-driven dilution (Lily 1986; Morrison 2017; Lecoanet and 
Jeevanjee 2018). Warren et al. 2017 explored the relationship between low-level inflow and 
updraft width in idealized simulations of supercells where an increase in vertical wind shear, and 
therefore, upper-level flow resulted in increased storm speed, increased low-level inflow, and 
increased updraft width.  In addition to further supporting the relationship between increasing 
updraft area with increasing CAPE and bulk vertical wind shear, Marion and Trapp (2019) also 
found, using idealized simulations of supercell thunderstorms, strong linear relationships 
between updraft area and the linear and non-linear dynamic pressure forcing both of which are 
sensitive to CAPE and vertical wind shear. Although these studies highlight a few important 
relationships between mesocyclone characteristics and the environment, a comprehensive 
observational study with a pre-tornadic focus is lacking, thus motivating the research herein.   
The severe storm environment can vary significantly in space and time, so there is much 
difficulty in determining the most representative sampling of the environment in which a storm 
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formed or a severe hazard took place (Brooks et al. 1994). There are several discussions in 
literature (e.g., Brooks et al. 1994; Thompson et al. 2003; Potvin et al. 2010, Coniglio 2012; 
Parker 2014; Smith et al. 2015) that debate how to sample the most representative storm 
environments  (e.g. proximity, inflow or pre-/ongoing/post-convective environments) and what 
time and space scales are most appropriate. For example, Potvin et al. (2010) found using a large 
dataset of observed proximity soundings associated with significant tornado reports that there is 
a favorable spatiotemporal distance from a thunderstorm-related event where it is close enough 
to capture the background environment of the storm while being far enough away to minimize 
impacts of a storm’s influence on the local environment (often referred to as convective 
feedbacks). This optimum spatiotemporal distance was found to be within 40-80 km and 1-2 
hours of the storm or event, and several studies have adopted these guidelines (e.g., Coniglio 
2012; Reames 2017), although only one sounding was used for each storm and only differences 
in distance, not azimuth, were considered.  
One issue with rawinsonde datasets is that they often lack adequate spatial and temporal 
coverage. Model-based soundings have high spatial and temporal resolution, but also have model 
biases and inaccuracies, dependences on model parameterizations, and potential convective 
feedbacks that can result in errors in model soundings as compared to observed soundings in a 
pre-convective environment (Thompson et al. 2003; Coniglio 2012; Laflin 2013). Even with 
these limitations, previous studies have concluded that model analysis soundings provide a 
reasonable proxy for observed soundings in severe thunderstorm environments, and that certain 
sounding parameters have skill in identifying supercell and tornado environments, especially 
when using 0- and 1- hour analysis data (Markowski et al. 2003; Thompson et al. 2003; King and 
Kennedy 2019). 
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 In particular, model soundings from the Rapid Update Cycle (RUC) (Benjamin et al. 
2004) and the Rapid Refresh (RAP) (Benjamin et al. 2016) have been used in studies of supercell 
and severe thunderstorm environments. Several studies have sampled the environment from the 
nearest analysis grid point at the closest hourly time prior to a significant severe event 
(Markowski et al. 2003; Thompson et al. 2003; Thompson et al. 2007; Grams et al. 2012; 
Brotzge et al. 2013; Nowotarski and Jensen 2013). Others have sampled the environment at the 
grid point of maximum significant tornado parameter (STP; Thompson et al. 2002; Thomson et 
al. 2003) within a warning area or a certain distance to the storm (Smith et al. 2015; Anderson-
Frey et al. 2016). To increase the representativeness of surface conditions, some studies 
combined the model analyses with objectively analyzed surface observations (Thompson et al. 
2007; Coniglio 2012; Grams et al. 2012; Thompson et al. 2012). Hitchcock et al. (2019) used 
RAP analyses to create composite environments to explore the pre- and post-convective 
environments of mesoscale convective systems during PECAN. These previously described 
methodologies were the guidance and motivation for the methods used in this study to obtain the 
most reasonable sample of the environments in which the mesocyclones formed. 
In chapter 3, the environmental sampling method is described, as is the method employed 
to analyze the environmental data. The results of the analyses are presented as well, which show 
that wide mesocyclones tend to form in environments characterized by large values of CAPE and 
several composite parameters within different convective modes and seasons. A discussion of 
how these results might be applied in an operational setting is then provided, followed by a 




CHAPTER 2: MANUAL RADAR ANALYSIS 
 
Methodology 
Archived, single-site, WSR-88D level II data of 102 tornadic events (Table 2.1) during 
the period from 27 April 2011 to 1 May 2019 were manually analyzed using the Gibson Ridge 
radar software (GR2Analyst). The events were selected to provide: seasonal and geographical 
diversity; a reasonable sample of parent-storm morphologies; a range of EF ratings, from EF0 to 
EF5 (20 EF0s, 27 EF1s, 24 EF2s, 21 EF3s, 6 EF4s, 4 EF5s); and variations in environmental 
conditions, including those characterized as HSLC as well as high shear, high CAPE (HSHC). 
Because of the desire to have access to polarimetric radar data to help confirm tornado presence 
(see below), the events were required to have occurred during approximately the past six years, 
excluding the EF5 cases. They were also required to have radar ranges less than 100 km 
throughout their lifetime in order to lessen the impact of radar range and beam width limitations 
(Wood and Brown 1997). In addition, no more than three events were selected from the same 
synoptic-scale system, and each tornado analyzed had to be the first produced by a storm: The 
former criterion was imposed as a compromise between the desire to maximize the number of 
events yet minimize similar and thus potentially dependent data; the later criterion was imposed 
to avoid potential confusion about how to classify a mesocyclone as “pre-tornadic” when in the 
presence of ongoing/dissipated tornadoes. Finally, any events with improperly dealiased Doppler 
velocities were excluded.  
The parent-storm convective mode was characterized simply as discrete supercells 
(DSC), quasi-linear convective systems (QLCSs), or multicells (MUL) using radar reflectivity 
data from the volume scan immediately prior to reported tornadogenesis. Following Trapp et al.  
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Table 2.1: List of all cases included in this study with the location and time of resultant 
tornadogenesis. In the last column, “Total Volume Scans” indicates the number of pre-tornadic 
radar volume scans analyzed to determine the pre-tornadic mesocyclone characteristics. This 
number is bolded for cases in which there were more than four volume scans meeting the 
differential velocity threshold. 
 




















Alabama Dekalb 2/21/2014 6:28 2 QLCS KHTX 
34.49098, 
-85.68685 
60.3, 784.8 4 
Alabama Lee 4/29/2014 8:57 3 MUL KMXX 
32.48257, 
-85.22983 
52.3, 593.7 4 
Alabama Marion 10/13/2014 21:43 0 DSC KGWX 
34.16820, 
-88.20008 34, 362 2 
Alabama Washington 11/17/2014 7:37 1 QLCS KMOB 
31.44722, 
-88.16686 84.9, 1289.5 4 
Alabama Jefferson 12/25/2015 22:58 2 DSC KBMX 
33.442162, 
-86.927582 32.3, 321.2 4 
Alabama Russell 2/16/2016 0:57 1 QLCS KMXX 
32.393913, 
-85.353882 43.8, 470.8 4 
Alabama Jefferson 3/1/2016 23:43 2 QLCS KBMX 33.327026, 
-86.977173 
25.3, 240.4 4 
Alabama Dekalb 11/30/2016 6:00 3 DSC KHTX 34.729218, 
-85.703407 
37.1, 431.2 4 
Alabama Morgan 11/30/2016 2:40 3 DSC KHTX 34.480186, 
-87.089828 
80, 1133.4 4 
Alabama Cullman 4/29/2014 2:39 3 DSC KHTX 34.128632, 
-86.746483 
100, 1384.3 4 
Alabama Etowah 4/29/2014 5:32 3 DSC KHTX 34.167267, 
-86.063339 
85.3, 1232.8 4 
Alabama Blount 3/20/2018 0:50 1 DSC KHTX 
33.866283, 
-86.394547 
31.5, 320 4 
Alabama Crenshaw 4/22/2018 18:43 1 MUL KEOX 
31.747765, 
-86.413589 
48.1, 582.7 4 
Alabama Baldwin 4/22/2018 20:25 0 DSC KMOB 
30.366745, 
-87.679688 
54.8, 687.2 2 
Alabama Pickens 8/31/2017 20:40 2 DSC KGWX 
33.305309, 
-88.088593 
35.5, 358.7 4 
Alabama Montgomery 4/7/2016 3:55 0 MUL KMXX 
32.296135, 
-86.248001 
19.3, 201.1 2 
Alabama Bullock 4/7/2016 4:54 2 QLCS KMXX 
32.133884, 
-85.544609 81.2, 1064.3 4 
Alabama Perry 3/14/2019 23:19 0 DSC KBMX 
32.76424, 
-87.350746 81.7, 1162.7 4 
Arkansas Crawford 3/24/2016 2:54 2 MUL KSRX 
35.744713, 
-94.488205 35.3, 363.3 4 
Arkansas Saline 3/25/2017 3:33 2 QLCS KLZK 
34.535961, 
-92.776123 94.5, 1301.1 4 
Arkansas Crawford 5/28/2017 4:56 1 MUL KSRX 35.614834, 
-94.357018 
88.2, 1191.7 4 
Arkansas Faulkner 4/28/2014 0:25 4 DSC KSRX 34.846554, 
-92.545464 
57.5, 681.4 4 
Arkansas Franklin 5/3/2018 18:09 1 QLCS KSRX 35.335468, 
-93.995399 
63.7, 750.6 3 
Arkansas Franklin 4/27/2016 6:18 0 QLCS KSRX 35.516239, 
-93.928238 
34.9, 351.4 2 
Florida Calhoun 11/17/2014 10:17 2 DSC KEVX 
30.408609, 
-85.067505 
83.7, 1149.3 4 
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Florida Escambia 2/15/2016 21:32 3 DSC KMOB 30.870422, 
-87.379295 
98.9, 1375.8 4 
Florida Okeechobee 4/6/2017 13:51 2 DSC KMLB 27.58659, 
-81.065308 
92.4, 1284.9 3 
Florida Brevard 9/13/2016 17:51 0 DSC KMLB 
27.865786, 
-80.547989 
79.5, 1120.9 4 
Florida Leon 4/19/2015 16:51 1 QLCS KTLH 
30.501642, 
-84.311531 
96.1, 1320.6 1 
Florida Wakulla 3/4/2019 1:06 0 QLCS KTLH 
30.223423, 
-84.607841 
68, 903.9 3 
Georgia Fulton 10/13/2014 9:20 0 QLCS KFFC 
33.690361, 
-84.461899 
50.4, 575.7 4 
Georgia Laurens 2/21/2014 13:21 2 QLCS KJGX 
32.578373, 
-82.965683 
66.2, 818.6 4 
Georgia Chattahooche 11/23/2014 20:37 1 QLCS KMXX 
32.334404, 
-84.787971 
40.8, 443.4 4 
Georgia Bacon 1/4/2015 18:08 1 QLCS KVAX 
31.529169, 
-82.422798 83.8, 1088.6 4 
Georgia Calhoun 4/7/2016 6:45 2 MUL KEOX 
31.625446, 
-84.882278 68.7, 939.3 4 
Georgia Thomas 1/22/2017 8:35 2 DSC KTLH 
30.917221, 
-83.97538 89, 1202 2 
Georgia Laurens 4/5/2017 19:38 2 QLCS KJGX 
32.337814, 
-82.975868 49.6, 569 3 
Georgia Houston 4/1/2016 11:42 1 QLCS KJGX 32.618191, 
-83.687416 
22.1, 217.9 4 
Georgia Burke 4/19/2015 19:42 2 QLCS KCAE 33.22802, 
-81.954544 
43.9, 498 4 
Georgia Bibb 11/7/2018 22:35 0 QLCS KJGX 32.733166, 
-83.739098 
82, 1041.7 2 
Illinois Grundy 6/23/2015 2:45 3 QLCS KLOT 41.297737, 
-88.350349 
57, 663.5 4 
Illinois Lee 4/9/2015 23:39 4 DSC KLOT 
41.860466, 
-89.254776 
92.8, 1376.4 4 
Illinois Macon 12/1/2018 23:53 1 DSC KILX 
39.768291, 
-89.102203 
82.8, 1096.6 2 
Illinois Mason 12/1/2018 22:53 1 DSC KILX 
40.215126, 
-89.945953 
61.7, 651 4 
Iowa Guthrie 10/8/2018 23:22 0 QLCS KDMX 
41.802029, 
-94.398979 
28.2, 280.7 3 
Iowa Dallas 6/20/2018 19:18 0 DSC KDMX 
41.827671, 
-94.158234 
11.8, 123.7 3 
Kansas Greenwood 6/27/2018 0:18 3 DSC KICT 
37.834129, 
-96.268356 50, 530.6 4 
Kansas Pawnee 5/17/2017 0:59 3 DSC KDDC 
38.195774, 
-99.03035 31.3, 314.5 4 
Kansas Ottawa 5/26/2016 0:07 4 DSC KTWX 
38.985374, 
-97.460312 103.7, 1612 4 
Kansas Greenwood 7/8/2016 2:10 3 DSC KICT 
37.969761, 
-96.454147 92.6, 1296.5 4 
Kansas Sedgwick 5/6/2015 21:49 3 DSC KICT 
37.834003, 
-97.642754 61.1, 655.2 4 
Kansas Rice 7/13/2015 23:34 3 DSC KICT 38.182598, 
-98.003372 
59.4, 761.6 4 
Kansas Comanche 5/5/2007 2:00 5 DSC KDDC 37.333546, 
-99.475868 
48.1, 528.1 4 
Kansas Gray 5/29/2018 21:44 0 DSC KDDC 37.667858, 
-100.28627 
47.2, 515.6 3 
11 
Table 2.1 (cont.) 


















Kentucky Graves 5/10/2016 19:44 3 DSC KPAH 36.758736, 
-88.70507 
50.3, 576.6 4 
Kentucky Oldham 4/12/2019 10:45 1 Other KLVX 38.324356, 
-85.522881 
16.7, 155.1 2 
Louisiana Orleans 2/7/2017 17:12 3 DSC KLIX 
30.01432, 
-89.988319 
84.5, 1087.4 4 
Louisiana Ascension 2/7/2017 17:00 1 DSC KLIX 
30.111538, 
-91.040474 
54.2, 610.4 4 
Louisiana Bienville 4/14/2018 6:47 2 QLCS KSHV 
32.456539, 
-92.891983 
60.7, 730.5 2 
Louisiana Beauregard 4/7/2018 6:17 1 QLCS KPOE 
30.83827, 
-93.41082 
58, 661.3 4 
Louisiana Acadia 8/29/2017 22:09 2 MUL KLCH 
30.242975, 
-92.580864 
32.8, 328.5 4 
Louisiana Beauregard 5/12/2017 9:06 1 MUL KLCH 
30.573786, 
-93.570755 
43, 497.7 3 
Louisiana Rapides 11/1/2018 5:25 1 QLCS KPOE 
31.206945, 
-92.576675 98.5, 1502.8 4 
Michigan Antrim 8/28/2018 23:49 0 QLCS KAPX 
44.943069, 
-84.973412 49.5, 530 3 
Minnesota Rice 9/20/2018 23:46 0 QLCS KMPX 
44.408062, 
-93.273529 81.4, 1066.4 2 
Mississippi Winston 4/28/2014 21:47 4 DSC KLIX 
32.893356, 
-89.444901 18.8, 177.3 4 
Mississippi Marion 12/23/2014 20:20 3 QLCS KLIX 31.167202, 
-89.917427 
32.4, 336.4 4 
Mississippi Marshall 12/23/2015 22:12 4 DSC KMPX 34.573166, 
-89.762703 
99.8, 1430.6 4 
Mississippi Forrest 1/21/2017 9:47 3 DSC KLIX 31.196732, 
-89.502884 
92.4, 1241.9 4 
Mississippi Prentiss 8/31/2017 18:43 0 DSC KGWX 34.419193, 
-88.529869 
97.9, 1384.6 4 
Mississippi Yazoo 4/30/2017 13:54 2 MUL KDGX 
32.649696, 
-90.317909 
90.8, 1238.9 4 
Mississippi Covington 1/2/2017 20:21 2 QLCS KDGX 
31.711102, 
-89.723709 
27.7, 331.6 4 
Mississippi Scott 1/21/2016 23:46 0 QLCS KDGX 
32.261646, 
-89.527664 
72.4, 1052.1 4 
Mississippi Yazoo 4/30/2017 13:54 2 QLCS KDGX 
32.653996, 
-90.310333 
38.7, 378.5 4 
Mississippi Monroe 5/25/2015 13:51 1 QLCS KGWX 
33.981628, 
-88.537033 
94.1, 1308.4 4 
Mississippi Neshoba 4/27/2011 19:30 5 DSC KDGX 
32.805496, 
-89.109093 34.5, 395.9 4 
Mississippi Scott 4/18/2019 20:42 1 QLCS KDGX 
32.560276, 
-89.77832 26.7, 284.6 2 
Mississippi Scott 11/1/2018 9:20 1 QLCS KDGX 
32.433239, 
-89.712395 75.6, 968.6 2 
Missouri Newton 5/22/2011 22:34 5 DSC KSGF 
37.05542, 
-94.547821 96.7, 1442.8 4 
Missouri Stone 5/1/2019 1:35 1 QLCS KSGF 
36.809959, 
-93.52935 61.3, 755.2 4 
N. Carolina Beaufort 4/25/2014 23:35 3 DSC KRAX 35.535633, 
-77.134506 
47.4, 569.9 4 
N. Carolina Nash 4/19/2019 22:08 1 QLCS KRAX 36.000507, 
-77.817673 
23.5, 231.6 2 
Ohio Clark 2/7/2019 20:17 0 QLCS KILN 39.837982, 
-83.77195 
69.9, 878.3 3 
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Oklahoma Garvin 5/9/2016 21:06 4 DSC KTLX 
34.551369, 
-97.347679 37.9, 405 4 
Oklahoma Oklahoma 5/7/2015 1:41 3 DSC KTLX 
35.41383, 
-97.488762 51.4, 591.2 3 
Oklahoma Cleveland 5/20/2013 20:04 5 DSC KTLX 35.282242, 
-97.629356 
68.5, 862.5 4 
Oklahoma Wagoner 4/30/2019 20:02 1 DSC KINX 35.99704, 
-95.453094 
24.7, 244.4 4 
Oklahoma Mayes 8/19/2018 20:45 1 DSC KINX 36.079399, 
-95.431885 
46.1, 515.3 4 
S. Carolina Aiken 4/19/2015 20:10 2 QLCS KCAE 33.514923, 
-81.730881 
43.5, 479.4 4 
S. Carolina Charleston 9/25/2015 4:42 2 DSC KCLX 32.720291, 
-80.057617 
49.5, 563.8 4 
S. Carolina Pickens 10/8/2017 20:40 2 MUL KGSP 
34.776901, 
-82.76239 
31.2, 322.1 4 
S. Carolina Spartanburg 10/23/2017 19:12 2 QLCS KGSP 
34.975124, 
-81.983238 
51.8, 597 4 
S. Carolina Horry 10/24/2017 2:27 1 MUL KLTX 
33.836575, 
-78.906372 
34.4, 360.8 4 
S. Carolina Saluda 5/24/2017 19:04 2 MUL KCAE 
34.107128, 
-81.640121 
37, 393.1 3 
S. Carolina Richland 10/11/2018 8:22 0 DSC KCAE 
33.785206, 
-80.671425 
42.8, 470.2 4 
S. Carolina Orangeburg 10/11/2018 3:48 0 DSC KCAE 
33.488239, 
-80.897774 51.8, 596.1 4 
Tennessee Clairborne 7/27/2014 21:59 3 DSC KMRX 
36.463909, 
-83.977249 56.3, 662.6 4 
Tennessee Polk 11/30/2016 7:28 3 DSC KHTX 
35.118511, 
-84.772736 55.4, 649.8 4 
Tennessee Hickman 6/28/2018 17:36 1 MUL KOHX 
35.726044, 
-87.316063 18.9, 181.6 3 
Tennessee Humphreys 7/6/2017 1:58 0 QLCS KOHX 36.158947, 
-87.682045 
16, 150.8 4 
Tennessee Grundy 11/6/2018 7:39 1 QLCS KHTX 35.381592, 
-85.81694 
36.3, 366 2 
Texas Eastland 5/9/2015 21:32 3 DSC KDYX 32.302097, 
-99.004395 
26.5, 266.3 4 
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(2005b) and Smith et al. (2012), a discrete storm was a relatively isolated entity with a single, 
high-reflectivity core (reflectivity ≥ 50 dBZ). A QLCS had contiguous reflectivity of at least 35 
dBZ over a horizontal distance of at least 50 km, and a length-to-width aspect ratio of at least 
3:1. If the parent storm did not meet the criteria of these two categories, it was typically a 
multicell storm or short line segment comprised of a more complex reflectivity structure 
including multiple reflectivity maxima in close proximity and thus was placed in the MUL 
category. 
The primary analysis was of the pre-tornadic mesocyclone width, which was defined as 
the linear distance between velocity peaks in the vortex couplet. The latitude and longitude of the 
center of the gates of maximum velocity were used to calculate the linear distance. The presence 
of a mesocyclone itself was confirmed using a methodology similar to Smith et al. (2012). 
Specifically, we required a peak differential velocity (ΔV) ≥ 10 m s-1 over a horizontal distance 
of less than 7 km, over the depth of the three lowest radar elevation angles, during at least one 
volume scan. Each of the cases in this dataset were required to have met this threshold, 
regardless of their convective mode. The mesocyclone width, inbound and outbound velocity 
peaks, and ΔV were evaluated at the three lowest radar-elevation angles, for up to four1 volume 
scans (see Table 2.1) during the lifetime of the identifiable mesocyclone through the volume 
scan just prior to the time of reported tornadogenesis. The time of tornadogenesis was confirmed 
by a consideration and comparison of the NOAA Storm Events Database 
(NOAA/NCEI/NESDIS 2014) description of each tornado and the manual radar analysis 
(including evaluation of the possible presence of a tornado debris signature). The three elevation 
                                                 
1 Although some mesocyclones in our dataset had pre-tornadic lifetimes exceeding four volume 
scans (see Table 2.1), analysis of their characteristics beyond four volume scans did not provide 
unique information. 
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angles were 0.5°, 0.9°, and 1.3°, plus or minus 0.1° depending upon the specific radar site. 
Reflectivity and Doppler velocity images at each of the three elevation angles are shown for a 
high EF and a low EF DSC case at the time of the peak, mean (over the lowest three elevation 
angles), pre-tornadic width of the mesocyclone (Figs. 2.1-2.2). The apparent relationship shown 
in Figs. 1-2 between mesocyclone width and tornado EF scale was quantified for all cases using 
linear regression. 
To further explore the relationship between tornado EF rating and mesocyclone width, 
and to build on previous efforts of using radar data to estimate tornado intensity (Toth et al. 
2013; Kingfield and LaDue 2015; Thompson et al. 2017), an analysis of each tornadic circulation 
from the time of tornadogenesis through the time of dissipation was also completed. The first 
analysis time for each tornado was the first volume scan of the time of or after the time of 
tornadogenesis. Thus, the tornado was required to have a duration of at least one volume scan 
after tornadogenesis for the case to be included; because EF0 tornadoes tend to be particularly 
short lived, many EF0 cases initially considered for inclusion did not meet this criterion. The 
peak inbound and outbound velocities and the ΔV of the tornadic vortex were manually 
evaluated at the three lowest radar elevation angles of each volume scan throughout the life of 
the tornado. This analysis was used to determine if there was a relationship between the peak 




  When all 102 cases were analyzed, higher EF-rated tornadoes tended to be associated 
with larger pre-tornadic mesocyclones (Fig. 2.3a), as quantified by a coefficient of determination  
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(R2) of 0.75 in the linear regression between these two variables. This linear relationship is based 
on the use of total average mesocyclone width, defined as the mean mesocyclone width over the 
lowest three elevation angles and all volume scans analyzed during the pre-tornadic period. 
When the maximum estimated tornadic wind speed from damage assessments, collected from the 
NWS Damage Assessment Toolkit, is used in place of EF rating (see also Cohen et al. 2018), the 
strong linear relationship between higher damage rated tornadoes and the total average 
mesocyclone width remains (R2=0.77, Fig. 2.4). The linear relationship is slightly stronger when 
only the cases meeting the DSC mode classification (49 cases) were analyzed (Fig. 2.3b, 
R2=0.82), and weaker when only the cases meeting the QLCS mode classification (39 cases) and 
MUL mode classification (14 cases) were analyzed (Fig. 2.3c, R2=0.37 and Fig. 2.3d, R2=0.38). 
This may be due to the fact that the QLCS (and MUL) cases had relatively shorter-lived and 
weaker pre-tornadic mesocyclones and tornadoes (see Table 1). 
 The regression analyses are supported by box-and-whisker plots, which show a distinct 
separation between the pre-tornadic mesocyclone widths for relatively weaker (EF0-2) and 
stronger (EF3-5) tornadoes for all cases (Fig. 2.5a) and DSC cases (Fig. 2.5b). For QLCS and 
MUL cases, the more substantial overlap in pre-tornadic mesocyclone widths for EF0-2 
tornadoes is consistent with the weaker relationship seen in the regression analysis (Fig. 2.5c-d); 
although there are only two QLCS EF3 tornadoes in this dataset, pre-tornadic mesocyclone 
widths for EF3 tornadoes are also separated from those associated with the EF0-2 cases which 
had narrower widths less than 3 km (Fig. 2.5c). 
 A comparison of the time-averaged and peak pre-tornadic mesocyclone width at each of 
the three lowest radar elevation angles further supports the relationship between wide 




Figure 2.1: Radar reflectivity factor (dBZ) (a-c) and storm relative Doppler velocity (m/s) (d-f) at 
the 0.5°, 0.9°, and 1.3° elevation angles, for the pre-tornadic supercell associated with the 
Marshall, Mississippi EF4 tornado on 23 December 2015 at 2207 UTC. The distance from the 
radar was approximately 70 km and the 0.5° beam height was approximately 1121 m. This is the 
time of the peak total average mesocyclone width. 
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Figure 2.2: As in Fig. 1, except for the pre-tornadic supercell associated with the Blount, 
Alabama EF1 tornado on 20 March 2018 at 0042 UTC. The distance from the radar was 




Figure 2.3: Scatterplot showing the linear relationship between the total average pre-tornadic 
mesocyclone width (km) and the EF rating of the resultant tornado for (a) all cases, (b) discrete 






Figure 2.4: Scatterplot showing the linear relationship between the total average pre-tornadic 














































Figure 2.5: Box-and-whisker plot showing the relationship between the total average pre-
tornadic mesocyclone width (km) EF rating of the resultant tornado for (a) all cases, (b) DSC 
cases, (c) QLCS cases, and (d) MUL cases. The number of cases is listed above each top 
whisker. The mean is represented by the ‘X’ and the median by the bar. The top and bottom of 
the box represent the 3rd and 1st quartiles with exclusive medians, respectively, and the top and 
bottom whiskers represent the minimum and maximum values, respectively. 
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over all of the analysis times during the lifetime of the pre-tornadic mesocyclone.) For all cases, 
there is a similar relationship between the EF rating and both the average and maximum pre-
tornadic mesocyclone width across all elevation angles (Fig. 2.6a and Fig 2.7a). A stronger 
relationship is shown for all elevation angles for both the average and maximum pre-tornadic 
mesocyclone width for DSC cases (Fig. 2.6b and Fig. 2.7b). For QLCS (and MUL) cases the 
relationship is weaker for all elevation angles, particularly the highest of the three (Fig. 2.6c-d, 
2.7c-d). This may be due to the shallow, more diffuse, and shorter-lived nature of QLCS 
mesocyclones (e.g., Trapp et al. 1999; Atkins et al. 2004). Indeed, in this dataset, the average 
lifetime of the pre-tornadic mesocyclone was 19 minutes for DSC cases and 10 minutes for 
QLCS cases. 
 Thus far, EF rating has been used to explore the relationship between the pre-tornadic 
mesocyclone width and tornado intensity, but in light of the potential biases in damage-based 
ratings, the peak tornadic ΔV was also analyzed here to provide an independent measure of 
tornado intensity. Figure 2.8 shows that the linear relationship between the total average 
mesocyclone width and the peak tornadic ΔV (R2=0.59) is comparable to that between total 
average mesocyclone width and EF rating, which provides further confidence in this general 
relationship. (The peak tornadic ΔV is the maximum over all the analysis times during the 
lifetime of the tornado.) As an aside, the strong linear relationship (R2=0.63) between EF rating 
and peak tornado ΔV across all cases (Fig. 2.9) helps explain the relative agreement between the 
analyses in Figs. 2.3 and 2.8, and also supports efforts introduced by Toth et al. (2013), Kingfield 
and LaDue (2015), and Thompson et al. (2017) to use operational weather radar to estimate 
tornado intensity. This relative agreement between EF rating and the peak tornadic ΔV across all 
cases can also be viewed through a box-and-whisker plot (Fig. 2.10). When the maximum  
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Figure 2.6: Scatterplot showing the linear relationship between the total average pre-tornadic 
mesocyclone width (km) at each elevation angle (0.5°, 0.9°, and 1.3°) and the EF rating of the 
resultant tornado for (a) all cases, (b) DSC cases, (c) QLCS cases, and (d) MUL cases. The R2 




Figure 2.7: As in Fig. 5, except showing the linear relationship between the maximum pre-
tornadic mesocyclone width (km) at each elevation angle and the EF rating of the resultant 




Figure 2.8: Scatterplot showing the linear relationship between the peak intensity of the tornadic 




















Figure 2.9: Scatterplot showing the linear relationship between the peak intensity of the tornadic 




Figure 2.10: Box and whisker plot showing the relationship between the peak intensity of the 
tornadic vortex (differential velocity; m/s) and the EF rating of the resultant tornado for all cases. 
The number of cases is listed above each top whisker. The mean is represented by the ‘X’ and 
the median by the bar. The top and bottom of the box represent the 3rd and 1st quartiles with 
exclusive medians, respectively, and the top and bottom whiskers represent the minimum and 









estimated tornadic wind speed from damage assessments is used in place of EF rating, the strong 
linear relationship between higher damage rated tornadoes and the peak tornadic ΔV remains 
(R2=0.64, Fig. 2.11). The substantial overlap of tornadic ΔVs in Fig. 2.9 across EF0-EF2 
tornadoes, may partially be due to the biases and inaccuracies of EF ratings for weaker 
tornadoes, including a lack of damage indicators.  
It is possible that the ΔV as well as the mesocyclone-width analyses are sensitive to the 
radar range, specifically to the beam-broadening with increasing range, the change of positioning 
of the vortex center relative to the radar-beam center, and the increase in relative beam heights 
with range, which in turn affects the height of the vortex sampled (e.g., Wood and Brown 1997). 
In terms of the latter range dependency, we note for example, that for a storm 15 km from the 
radar, the beam height at 1.3° elevation angle is approximately 400 m AGL, and the change in 
height between the three lowest tilts considered here is about 100 m. For a storm about 80 km 
from the radar, the beam height at 1.3° elevation angle is approximately 2400 m AGL, and the 
change in height between the three lowest tilts is roughly 600 m. To explore the effect of range 
on our results, we first performed a linear regression between the total average pre-tornadic 
mesocyclone width and radar range at the time of tornadogenesis (not shown), and found only a 
very weak relationship (R2=0.14). We also performed a linear regression between the total 
average pre-tornadic mesocyclone width and the 0.5° beam height (not shown), and likewise 
found only a very weak relationship (R2=0.16). Both analyses suggest a limited negative impact 
of radar range on the key results of the study. Next, we subdivided the cases by range into three 
groups: 0 to 35 km range (31 cases), 36 to 70 km range (43 cases), and 71-100 km range (28 
cases). We found no reduction in the linear relationship between EF rating and peak tornado ΔV 
across these three range groupings (not shown). In terms of pre-tornadic mesocyclone width 
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versus EF rating, when the total average pre-tornadic mesocyclone width is used, we found that 
the first two groups have slightly weaker linear relationships relative to that of the third group 
(R2=0.72, R2=0.71, R2=0.79, respectively; Fig. 2.12). This comparatively stronger relationship at 
farther radar ranges is also found across the three lowest elevation angles when the peak pre-
tornadic mesocyclone width is compared to the total average pre-tornadic mesocyclone width 
(Fig. 2.13), perhaps suggesting the relative importance of pre-tornadic mesocyclone width in the 
mid-levels of the storm (see T17). Because the average pre-tornadic mesocyclone width at each 
elevation compares well to the total average pre-tornadic mesocyclone width, but with stronger 
relationships at farther ranges (Fig. 2.14), it appears that the pre-tornadic mesocyclone width 
does not vary across a large depth of the storm throughout its life cycle. Thus, if a pre-tornadic 
mesocyclone is wide in its lowest levels, it should also be wide at higher levels, as was argued on 
physical grounds by T17. 
 An open question at this point is whether the time variability of mesocyclone width 
during the pre-tornadic period is sufficiently low so as to provide a reliable indicator of tornado 
intensity, as hypothesized. This question was addressed in part by comparing the maximum pre-
tornadic mesocyclone width at each of the three elevation angles to the total average 
mesocyclone width. As shown by Fig. 2.15, the linear relationship between these two variables is 
strong across all cases and each elevation angle. The standard deviation of the mesocyclone 
width was also analyzed and compared to the total average mesocyclone width for all of the 
cases individually. Although some of the cases exhibit standard deviations that are more than 
50% of the mean, the linear relationship between these two variables is weak across all cases 
(R2=0.20) (Fig. 2.16). In other words, the time variability of a pre-tornadic wide mesocyclone is 




Figure 2.11: Scatterplot showing the linear relationship between the maximum estimated 
tornadic wind speed (m/s) and the peak intensity of the tornadic vortex (differential velocity; 
































































Figure 2.12: Scatterplot showing the linear relationship between the average pre-tornadic 
mesocyclone width (km) and the EF rating of the resultant tornado for all cases with a radar 





Figure 2.13: Scatterplot showing the linear relationship between the peak pre-tornadic 
mesocyclone width at each elevation angle and the total average pre-tornadic mesocyclone width 
(km) for cases with a radar range of (a) 0-35 km, (b) 36-70 km, and (c) 71-100 km. The R2 and 




Figure 2.14: As in Fig. 10 except showing the linear relationship between the average pre-
tornadic mesocyclone width at each elevation angle and the total average pre-tornadic 




Figure 2.15: Scatterplot showing the linear relationship between the peak pre-tornadic 
mesocyclone width at each elevation angle and the total average pre-tornadic mesocyclone width 































Figure 2.16: Scatterplot showing the linear relationship between the standard deviation of the 




a mesocyclone that is wide (narrow) at some point during its pre-tornadic period generally 
remains a wide (narrow) mesocyclone. 
 The pre-tornadic mesocyclones did undergo some contraction just prior to 
tornadogenesis, however. There were 53 out of 102 cases which experienced a decrease in the 
total average pre-tornadic mesocyclone width of at least 5% during the two volume scans prior to 
tornadogenesis; at the lowest elevation angle, 60 out of the 102 cases experienced this decrease 
in the total average pre-tornadic mesocyclone width. A change in the pre-tornadic mesocyclone 
ΔV was also noted: 67 out of 102 cases experienced an increase in the average mesocyclone ΔV 
of at least 5 m/s during the two volume scans prior to tornadogenesis. Specifically, the majority 
of EF3 and greater rated tornadoes were associated with mesocyclones that narrowed and 
strengthened just prior to tornadogenesis. This supports the idea that a pre-tornadic mesocyclone 
that shows an increase in ΔV and a decrease in width immediately prior to tornadogenesis may 
be more likely to produce a tornado, specifically a potentially strong tornado. Previous work 
describing fundamental tornado and supercell dynamics (e.g., Davies-Jones 2015) supports 
convergence and narrowing of the pre-tornadic circulation, and an increase in the differential 
velocity of the pre-tornadic mesocyclone, and a narrowing and intensifying of the pre-tornadic 
mesocyclone particularly for discrete, EF2+ tornado producing storms has been observed in 
other observational studies (Gibbs and Bowers 2019). 
 As just alluded to, the intensity of the pre-tornadic mesocyclone would appear to be 
another characteristic that, like width (or in addition to width), could be exploited to help 
anticipate tornado intensity. However, Fig. 2.17a reveals that the linear relationship between the 
peak pre-tornadic mesocyclone ΔV, defined as the maximum ΔV over all analysis times and tilts 
during the lifetime of the pre-tornadic mesocyclone, and EF rating for all cases is relatively weak 
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(R2=0.42). When the maximum estimated tornadic wind speed from damage assessments is used 
in place of EF rating, the weaker relationship between higher damage rated tornadoes and the 
peak pre-tornadic mesocyclone ΔV remains but is slightly higher (R2=0.45, Fig. 2.18). When this 
relationship is explored through a box-and-whisker plot, an increase in peak pre-tornadic 
mesocyclone ΔV with increasing EF rating is apparent, but so also is the substantial overlap 
across each EF rating, particularly with weaker EF-rated tornadoes (Fig. 2.17d). If the peak pre-
tornadic mesocyclone ΔV at each tilt is averaged and compared to EF rating, the linear 
relationship remains weak (R2=0.39) (Fig. 2.17b). Finally, if the maximum pre-tornadic 
mesocyclone ΔV at each elevation angle is compared to EF rating, the linear relationship 
improves somewhat, especially at elevation angle 3 (R2=0.40) (Fig. 17c), but still is 
comparatively weak. Although the EF4-EF5 cases tended to be associated with the strongest pre-
tornadic mesocyclones, the conclusion from this analysis is that relatively higher EF-rated 
tornadoes do not necessarily tend to be associated with more intense pre-tornadic mesocyclones; 
this basic conclusion applies across all convective modes (not shown). 
 This analysis of pre-tornadic mesocyclone ΔV can also be extended to provide a 
comparison between mesocyclone width and intensity. Figure 2.19 reveals that the overall peak 
pre-tornadic mesocyclone ΔV had a weak linear relationship with total average pre-tornadic 
mesocyclone width (R2=0.37); if the peak pre-tornadic mesocyclone ΔV at each of the three 
elevation angles is averaged and compared with the total average pre-tornadic mesocyclone 
width, there is a similarly weak relationship (R2=0.36) (Fig. 2.20). The conclusion here is that the 
widest pre-tornadic mesocyclones are not necessarily the strongest pre-tornadic mesocyclones, 
and vice versa. This result is consistent with the conservation-of-circulation argument in T17, 




Figure 2.17: Scatterplot showing the linear relationship between the EF rating of the resultant 
tornado and: (a) peak pre-tornadic mesocyclone intensity (differential velocity; m/s), (b) peak 
average pre-tornadic mesocyclone intensity (differential velocity; m/s), and (c) peak pre-tornadic 
mesocyclone intensity (differential velocity; m/s) at each elevation angle for all cases. The R2 
and p-values are listed from lowest to highest tilt. (d) A box-and-whisker plot as in Fig. 4 except 
now showing the relationship between the peak pre-tornadic mesocyclone intensity (differential 





Figure 2.18: Scatterplot showing the linear relationship between the maximum estimated 
tornadic wind speed (m/s) and the peak pre-tornadic mesocyclone intensity (differential velocity; 














































Figure 2.19: Scatterplot showing the linear relationship between the peak pre-tornadic 
mesocyclone intensity (differential velocity; m/s) and the average pre-tornadic mesocyclone 




























Figure 2.20: Scatterplot showing the linear relationship between the peak average intensity of the 
pre-tornadic mesocyclone (differential velocity; m/s) and the total average width of the pre-
tornadic mesocyclone (km) for all cases. 
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and rotational velocities, such as a wider mesocyclone with a weaker rotational velocity or a 
narrower mesocyclone with a stronger rotational velocity. 
 The results of Brooks (2004) and T17 imply that the tornado damage width should also 
relate to the pre-tornadic mesocyclone width. Analysis of the damage path information provided 
in the NOAA Storm Database shows that the smallest pre-tornadic mesocyclone widths of 
around 1 km tended to be associated with the smallest tornado damage widths. At the other 
extreme, the largest pre-tornadic mesocyclone widths of around 5 km tended to be associated 
with larger tornado damage widths. However, over all cases, the relationship between the 
tornado damage width and the total average pre-tornadic mesocyclone width is weak (Fig. 2.21a, 
R2=0.36). This is reflected the least in DSC cases (Fig. 2.21b, R2=0.43), but particularly in MUL 
cases (Fig. 2.21c, R2=0.0004), as well as QLCS cases (Fig. 2.21d, R2=0.25). To test whether a 
large range of widths for weaker tornadoes was impacting these results, EF0 and EF1 tornadoes 
were removed. This test was motivated by the weaker and narrower nature of QLCS tornadoes 
and the tendency of their damage to be aliased into straight line wind damage (Trapp et al. 
2005b; Skow and Cogil 2016). There was little to no impact on the relationship between tornado 
damage width and total average mesocyclone width, though. Based on this analysis, the pre-
tornadic mesocyclone width does not appear to accurately anticipate tornado damage width, 
implying that the presence of a wide pre-tornadic mesocyclone does not mean that, if a tornado 
forms, it will be wide. The overall poor relationship between tornado damage width and total 
average mesocyclone width, especially with QLCS events, may be partially due to the 
insufficiency of damage indicators or lack of damage indicators (e.g., Edwards et al. 2013; 
Snyder and Bluestein 2014). 
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The relationship between tornado path length and the total average pre-tornadic 
mesocyclone width was also weak (Fig. 2.22a, R2=0.32) across all cases. Although the longest 
track tornadoes from DSC events were associated with wider pre-tornadic mesocyclones, overall 
a weak relationship was found for each of the convective mode categories (Fig. 2.22b,c,d), with a 
large spread of tornado path lengths associated with both relatively wide and narrow 
mesocyclones, especially for QLCS events. Thus, the presence of a wide or narrow pre-tornadic 
mesocyclone does not appear to accurately anticipate the likelihood of a long or short track 
tornado. 
 Finally, because our study was motivated in part by the desire to better anticipate tornado 
intensity within the southeastern United States, the previous analyses were repeated for only 
those cases located within the states of South Carolina, Georgia, Florida, Alabama, Mississippi, 
Louisiana, Arkansas, and Tennessee. Over this subdomain, the linear relationship between the 
total average pre-tornadic mesocyclone width and EF rating is slightly reduced (R2=0.70) 
relative to that over all cases (R2=0.75) yet still strong. The relationships for DSC cases were 
slightly higher (R2=0.85) and the relationships for QLCS cases were slightly weaker (R2=0.31) 
compared to those over all cases (R2=0.82 and R2=0.37, respectively). This result suggests that 





Figure 2.21: Scatterplot showing the linear relationship between the damage width of the 
resultant tornado (yds) and the total average pre-tornadic mesocyclone width (km) (a) all cases, 





Figure 2.22: As in Fig. 17 except showing the linear relationship between the path length of the 




 The preceding analyses of radar characteristics of pre-tornadic mesocyclones were based 
on the knowledge that a tornado had occurred for each of the cases. Thus, the results presented 
herein should not be interpreted as a means to anticipate tornado formation. Rather, the results 
should be used in tandem with environmental information (e.g., Smith et al. 2015) as an 
additional means to anticipate the likely tornado intensity/damage, given tornado formation.   
 Specifically, a radar-based diagnosis of a wide mesocyclone appears to increase the 
likelihood of a higher EF-rated tornado, particularly for tornadoes forming within supercell 
thunderstorms. More specifically, a pre-tornadic mesocyclone with a width greater than 3 km 
(less than 1 km) appears more likely to generate tornadoes rated EF3 and higher (EF1 and less). 
Based on our analyses, the width characterization (i.e., of “wide” versus “narrow”) should not 
change significantly in time leading up to tornadogenesis, thus making this characterization a 
relatively more reliable indicator than mesocyclone intensity. Our analyses also show that it 
should not be expected that a wide (narrow) mesocyclone will necessarily be a strong (weak) 
mesocyclone, nor should it be expected that stronger pre-tornadic mesocyclones will necessarily 
produce higher EF-rated tornadoes. In addition, the width characterization should not be greatly 
impacted by radar range, provided that the mesocyclone is within 100 km from the radar. Both 
findings are consistent across all convective modes. On the other hand, the pre-tornadic 
mesocyclone width does not appear to be operationally useful for anticipating the potential for 
tornado damage-path width or length. This finding is consistent across all modes, but merits 




CHAPTER 3: ENVIRONMENTAL ANALYSIS 
 
Methodology 
 To explore the environment in which each pre-tornadic mesocyclone formed, the 13-km 
Rapid Refresh Version 3 (RAP) analysis data from the NOAA THREDDS database were 
sampled using a combination of techniques motivated by the previously described studies. 
Beginning with the 3D state variables from the RAP analysis, 27 desired environmental variables 
(Table 3.1) were computed either manually or using the Metpy Unidata Python Module. 
The RAP analysis nearest but prior to the time of tornadogenesis was used for each case. 
For example, if the mesocyclone for a particular tornadic event first developed and was analyzed 
at 2132 UTC, then the 2100 UTC RAP analysis data were used. In order to best determine the 
most representative environment that each pre-tornadic mesocyclone formed in, a few box 
sampling methods were employed. In the first method, which follows Potvin et al. (2010), an 
outer box of approximate dimensions 156 km by 156 km marked the outer bounds of the 
sampling domain. The sampling domain refers to all grid points that can be sampled based on the 
criteria outlined in this section. This outer box was centered on the grid point closest to the 
location of mesocyclogenesis. An inner box of approximate dimensions 52 km by 52 km, also 
centered on the grid point closest to the location of mesocyclogenesis, marked the inner bounds 
of the sampling domain (Fig. 3.1). So, no grid points were sampled outside of the outer box or 
inside the inner box. This allowed for a sampling domain about the location of mesocyclogenesis 
for each event that was close enough to the mesocyclone of interest to be representative of its 
environment, but also distant enough to reduce the impacts of any convective feedbacks (i.e. 
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Potvin et al. 2010). This configuration included 72 potential RAP grid points in the sampling 
domain. To further limit the impacts of convective contamination, any grid point with a 1-km  
Table 3.1: List of environmental variables sampled or calculated  
Parameter Description 
100-mb Mixed-Layer CAPE (MLCAPE) Calculated in Metpy 
100-mb Mixed-Layer CIN (MLCIN) Calculated in Metpy 
RAP Surface-based CAPE (RAP SBCAPE) From RAP Analysis Data 
RAP Surface-based CIN (RAP SBCIN) From RAP Analysis Data 
Surface-based CAPE (SBCAPE) Calculated in Metpy 
Surface-based CIN (SBCIN) Calculated in Metpy 
Most-Unstable CAPE (MUCAPE) Calculated in Metpy 
Most-Unstable CIN (MUCIN) Calculated in Metpy 
0-3 km CAPE (CAPE03) Calculated in Metpy 
0-3 km CIN (CIN03) Calculated in Metpy 
Lifted Index (LI) Manually calculated using 500-mb to surface 
temperature difference 
0-8 km Bulk Shear (S08) Calculated in Metpy 
0-6 km Bulk Shear (S06) Calculated in Metpy 
0-3 km Bulk Shear (S03) Calculated in Metpy 
0-1 km Bulk Shear (S01) Calculated in Metpy 
0-1 km Storm Relative Helicity (01SRH) Calculated in Metpy 










Table 3.1 (cont.) 
Parameter Description 
0-3 km Lapse Rates (03LR) Manually calculated using RAP vertical levels 
and temperature 
3-6 km Lapse Rates (36 LR) Manually calculated using RAP vertical levels 
and temperature 
0-3 km Relative Humidity (03RH) Manually calculated using RAP vertical levels 
and dewpoint temperature 
3-6 km Relative Humidity (36RH) Manually calculated using RAP vertical levels 
and dewpoint temperature 
0-1 km Energy Helicity Index (01EHI) Manually calculated using SPC formula: 
(MLCAPE*0-1 km SRH) 
0-3 km Energy Helicity Index (03 EHI) Manually calculated using SPC formula: 
(MLCAPE*0-3 km SRH) 
Supercell Parameter (SCP) Calculated in Metpy 
Lifted Condensation Level Height (LCL) Calculated in Metpy 
















Figure 3.1: Box-sampling method highlighting the sampled region represented by the blue 







AGL simulated reflectivity greater than 25 dBZ was excluded from the sampling domain, 
thus reducing the number of grid points in the sampling domain and varying the number of 
measurable grid points from case to case. Based on the remaining grid points, the maximum 
value of each parameter and its location were recorded, as also was the value of each parameter 
at the location of maximum 100-mb mixed layer (ML) CAPE. Additionally, the mean and 
median of each parameter across remaining grid point values were computed, to allow for a 
larger area of the pre-convective environment to be considered instead of only one grid point 
with the peak value method which may not be as representative of the larger scale environment 
(Brooks et al. 1994). The standard deviation of each parameter in the sampling domain was also 
computed to understand how each parameter varied across the sampling domain and to highlight 
potential limitations of the sampling methods used.  
Some limitations and biases were discovered in the initial results using this method. For 
example, all of the peak CAPE parameter values were on the lower half of the outer boundary of 
the sampling domain more than 75% of the time. Other thermodynamic parameters, such as lapse 
rates and lifted index, were also on the outer boundary of the sampling domain more than 75% of 
the time. All of the peak shear parameter values were on the upper left corner of the outer 
boundary of the sampling domain more than 85% of the time. Even the composite parameters, 
such as the supercell composite parameter (SCP) and the significant tornado parameter (STP), 
were on the outer boundary of the sampling domain more than 60% of the time. Additionally, the 
standard deviations of the deep layer CAPE parameters and composite parameters were large. 
For example, the standard deviations of the deep layer CAPE parameters were greater than 450 
J/kg. The high occurrence of the peak values of many sampled parameters being located on the 
edge of the outer box (approximately 80 km from the location of concern) and the large standard 
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deviations of these parameters across the sampling domain supported the conclusion that these 
values were not representative of the environment the storm developed in. 
To address these limitations and biases, a second method was developed in which the 
outer box was reduced to 130 km by 91 km, and then positioned such that the location of 
mesocyclogenesis was off-centered to the western half of the box (Fig. 3.2). In addition, the 
second nearest RAP analysis time before the time of mesocyclogenesis was used for each case as 
this reduced the occurrence of the presence of a frontal boundary and a large number of raining 
grid points in the sampling domain, allowing for a larger pre-convective region to be sampled. 
Importantly, this removed grid points behind frontal boundaries which are not relevant to the 
storm environment and which, in particular, biased the mean and median analyses. The 60 km by 
60 km inner box was also removed, as the impacts of convective feedback (e.g. storm inflow and 
outflow) were determined to be minimal at non-raining grid points with a 13 km model grid 
spacing (Pielke 2013). The 1 km reflectivity mask was lowered to 20 dBZ, as grid points with 
values with reflectivity between 20 and 25 dBZ had much lower CAPE values than surrounding 
grid points with lower reflectivity values. To further address the impact of raining grid points, 
and to further limit the presence of convectively contaminated grid points which were not 
removed with the 1 km reflectivity mask or were behind frontal boundaries (e.g. behind a cold 
front in a stable air mass), a most-unstable CAPE (MUCAPE) mask was added which removed 
grid points with MUCAPE less than 150 J/kg. This allowed for sampled grid points to at least be 
from the same air mass in which the mesocyclone formed. Overall, the combination of these 
changes to the original sampling method removed more unrepresentative grid points such as 
raining grid points, those behind frontal boundaries, and those containing peak parameter values 











sampling method proved to be the most efficient, the results from this method will be the 
focus of the discussion below. 
 
Results 
The relationships between the pre-tornadic mesocyclone characteristics and the 
environmental variables were quantified by coefficients of determination (R2) in the linear 
regression between these variables (Table 3.2). In this discussion, however, the relationships will 
be visualized through box-and-whisker plots, using the spatial mean values of each 
environmental parameter across the sampling domain plotted versus one of the three categories 
of pre-tornadic mesocyclone width: 0 km-1.5 km (31 cases), 1.5 km-3.5  km (50 cases), and 
greater than 3.5 km (21 cases). Note that the use of spatial means provides the same 
interpretation as does the use of peak values as well as the values of parameters at the location of 
peak 100-mb mixed-layer CAPE. The spatial means are also more representative and give a 
larger picture of the environment sampled.  
When the spatial mean values of parameters across the sampling domain were analyzed 
for all 102 cases, the storms with the largest mean pre-tornadic mesocyclone width (defined as 
the mean mesocyclone width over the lowest three elevation angles and all volume scans 
analyzed during the pre-tornadic period, see Sessa et al. 2020), tended to form in environments 
characterized by larger values of SBCAPE, MLCAPE, and MUCAPE, as well as other 
thermodynamic parameters such as 03LR, 36LR, and LI (Table 3.3). The box-and-whisker 
analyses support this relationship as the widest pre-tornadic mesocyclones (>3.5 km) are 
associated with the larger values of thermodynamic parameters (Fig. 3.3). For all cases, 03CAPE 
had a weak relationship with pre-tornadic mesocyclone width, though, and CIN had no  
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Table 3.2: Coefficients of determination and p-values from all of the linear regression analyses 
completed for the environmental analysis. 
 

















































for DSC Cases 
0.36 4.67E-06 
3-6 km Lapse Rates 
Pre-tornadic 
Mesocyclone Width 





for DSC Cases 
0.25 0.0003 
0-1 km EHI 
Pre-tornadic 
Mesocyclone Width 
for DSC Cases 
0.32 2.53E-05 
0-3 km EHI 
Pre-tornadic 
Mesocyclone Width 












Table 3.2 (cont.) 







for DSC Cases 
0.25 0.00025 
0-6 km Bulk Shear 
Pre-tornadic 
Mesocyclone Width 
for DSC Cases 
0.12 0.015647 
0-1 km Bulk Shear 
Pre-tornadic 
Mesocyclone Width 
for DSC Cases 
0.002 0.792499 
0-3 km SRH 
Pre-tornadic 
Mesocyclone Width 






for QLCS Cases 
0.35 6.65E-05 
3-6 km Lapse Rates 
Pre-tornadic 
Mesocyclone Width 





for QLCS Cases 
0.37 4.13E-05 
0-1 km EHI 
Pre-tornadic 
Mesocyclone Width 
for QLCS Cases 
0.29 0.000449 
0-3 km EHI 
Pre-tornadic 
Mesocyclone Width 










for QLCS Cases 
0.27 0.000769 
0-6 km Bulk Shear 
Pre-tornadic 
Mesocyclone Width 
for QLCS Cases 
0.001 0.846453 
0-1 km Bulk Shear 
Pre-tornadic 
Mesocyclone Width 







Table 3.2 (cont.) 
Explanatory 
Variable Dependent Variable 
Coefficient of 
Determination P-value 
0-3 km SRH 
Pre-tornadic 
Mesocyclone Width 

























































































Table 3.2 (cont.) 
Explanatory 
Variable Dependent Variable 
Coefficient of 
Determination P-value 




























































































Table 3.2 (cont.) 
Explanatory 
Variable Dependent Variable 
Coefficient of 
Determination P-value 









































































Table 3.2 (cont.) 
Explanatory 
Variable Dependent Variable 
Coefficient of 
Determination P-value 










































































Table 3.2 (cont.) 
Explanatory 














































































Table 3.2 (cont.) 
Explanatory 
Variable Dependent Variable 
Coefficient of 
Determination P-value 



































































EF Rating 0.3 2.7E-09 
3-6 km Lapse Rates EF Rating 0.28 2.2E-08 
Lifted Index EF Rating 0.26 8.83E-08 
0-1 km EHI EF Rating 0.28 1.49E-08 
0-3 km EHI EF Rating 0.33 3.99E-10 
62 
 
Table 3.2 (cont.) 
Explanatory 
Variable Dependent Variable 
Coefficient of 
Determination P-value 
SCP EF Rating 0.36 3.56E-11 
STP EF Rating 0.26 8.5E-08 
0-6 km Bulk Shear EF Rating 0.06 0.022867 
0-1 km Bulk Shear EF Rating 0.01 0.893388 
0-3 km SRH EF Rating 0.02 0.498403 
DJF 100-mb mixed-
layer CAPE 
EF Rating 0.15 0.228798 
DJF 3-6 km Lapse 
Rates 
EF Rating 0.04 0.63448 
DJF Lifted Index EF Rating 0.13 0.158883 
DJF 0-1 km EHI EF Rating 0.06 0.357656 
DJF 0-3 km EHI EF Rating 0.09 0.253505 
DJF SCP EF Rating 0.23 0.059214 
DJF STP EF Rating 0.16 0.122124 
DJF 0-6 km Bulk 
Shear 
EF Rating 0.06 0.382525 
DJF 0-1 km Bulk 
Shear 
EF Rating 0.09 0.720875 
DJF 0-3 km SRH EF Rating 0.04 0.639176 
MAM 100-mb 
mixed-layer CAPE 
EF Rating 0.47 3.57E-08 
MAM 3-6 km Lapse 
Rates 
EF Rating 0.35 6.57E-06 
MAM Lifted Index EF Rating 0.32 1.67E-05 
MAM 0-1 km EHI EF Rating 0.34 7.14E-06 
MAM 0-3 km EHI EF Rating 0.38 1.63E-06 
MAM SCP EF Rating 0.40 1.01E-06 
MAM STP EF Rating 0.27 0.000137 
MAM 0-6 km Bulk 
Shear 
EF Rating 0.06 0.112289 
MAM 0-1 km Bulk 
Shear 
EF Rating 0.02 0.299296 
MAM 0-3 km SRH EF Rating 0.01 0.776257 
JJA 100-mb mixed-
layer CAPE 
EF Rating 0.47 0.009174 
JJA 3-6 km Lapse 
Rates 
EF Rating 0.31 0.048535 
JJA Lifted Index EF Rating 0.42 0.016884 
JJA 0-1 km EHI EF Rating 0.19 0.134537 
JJA 0-3 km EHI EF Rating 0.52 0.006465 
JJA SCP EF Rating 0.56 0.003202 
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Table 3.2 (cont.) 
Explanatory 
Variable Dependent Variable 
Coefficient of 
Determination P-value 
JJA STP EF Rating 0.17 0.158322 
JJA 0-6 km Bulk 
Shear 
EF Rating 0.48 0.008971 
JJA 0-1 km Bulk 
Shear 
EF Rating 0.01 0.931318 
JJA 0-3 km SRH EF Rating 0.1 0.365909 
SON 100-mb mixed-
layer CAPE 
EF Rating 0.03 0.474017 
SON 3-6 km Lapse 
Rates 
EF Rating 0.02 0.584897 
SON Lifted Index EF Rating 0.05 0.364957 
SON 0-1 km EHI EF Rating 0.06 0.597269 
SON 0-3 km EHI EF Rating 0.03 0.495627 
SON SCP EF Rating 0.09 0.212641 
SON STP EF Rating 0.21 0.039321 
SON 0-6 km Bulk 
Shear 
EF Rating 0.24 0.027181 
SON 0-1 km Bulk 
Shear 
EF Rating 0.15 0.099774 




Table 3.3: Mean values of the spatial mean and peaks of select parameters (i.e., mean of spatial 
mean, mean of peak) sampled from the sampling domain in the environmental analysis separated 
by the three total average pre-tornadic mesocyclone width categories of 0 km-1.75 km, 1.75 km-






















1155.3, 1721.4 1298.2, 1733.4 3186.8, 3870.0 
Mean LI (°C) -1.62, -3.07 -2.73, -3.73 -4.33, -5.51 
3-6 km Lapse 
Rates (°C/km) 
-6.15, -6.78 -6.65, -7.05 -7.34, -7.79 
Mean 0-6 Bulk 
Shear (m/s) 
23.9, 25.79 25.6, 28.64 26.4, 28.63 
Mean 0-3 km 
Bulk Shear 
(m/s) 
18.55, 21.9 20.0, 23.3 21.49, 23.9 
Mean 0-1 Bulk 
Shear (m/s) 
12.7, 15.37 14.35, 17.06 11.6, 13.86 
Mean 0-1 km 
SRH (m2/s2) 
188.5, 243.9 217.3, 276.0 180, 231.7 
Mean 0-3 km 
SRH (m2/s2) 
272.8, 359.9 317.2, 403.6 303.8, 395.3 
Mean 0-1 km 
EHI 
0.69, 1.12 0.96, 1.48 2.53, 3.57 
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Greater than 3.5 km 
(21 cases) 
Mean 0-3 km 
EHI 
1.02, 1.68 1.50, 2.20 4.26, 6.31 
Mean SCP 5.21, 8.18 6.86, 10.1 17.9, 26.2 
Mean STP 0.84, 1.43 1.18, 1.81 2.90, 4.21 
LCL Pressure 
Level (hPa) 





Figure 3.3: Box-and-whisker plot showing the relationship between (a) MLCAPE (J/kg), (b) 
MUCAPE (J/kg), (c) LI (°C), and (d) 36LR (°C/km) and the total average pre-tornadic 








relationship with the pre-tornadic mesocyclone width (not shown). The widest pre-tornadic 
mesocyclones also tended to form in environments characterized by large values of composite 
parameters such as the 01EHI, 03EHI, SCP, and STP (Fig. 3.4). This is once again shown 
through the separation of the widest pre-tornadic mesocyclones in the box-and-whisker analyses. 
Additionally, the widest pre-tornadic mesocyclones (>3.5 km) formed in environments with 
higher LCLs and, therefore, higher LFCs compared to smaller pre-tornadic mesocyclones which 
is consistent with the findings of previous studies (e.g. Kirkpatrick et al. 2009), although this is 
counter to studies linking low LCLs to tornado intensity (e.g. Thompson et al. 2003; Grams et al. 
2012; Parker 2014, Fig. 3.5). Interestingly, 36RH has a good relationship with pre-tornadic 
mesocyclone width, as well (Fig. 3.6). This may be capturing the presence of elevated-mixed 
layers in many of the discrete supercell cases, as will be shown later.   
On the other hand, wind shear parameters, such as S08, S06, S03, and S01 bulk wind 
shear and 01SRH and 03SRH, had a weak relationship with pre-tornadic mesocyclone width, as 
there was significant overlap of each pre-tornadic mesocyclone width category in the box-and-
whisker analyses (Fig. 3.7) (see also Table 3.2). The weaker relationship between pre-tornadic 
mesocyclone width and environmental wind shear is inconsistent with the results of previous 
idealized simulations (e.g., Trapp et al. 2017), although these simulations were conducted in an 
environment of moderate (~2000 J/kg) MLCAPE. This inconsistency may also be due to the 
small sample size used in this study, which could be biased towards higher sheared (and lower 
CAPE) environments, and the sampling methods used. This will be explored further below 
through a seasonal breakdown. Note that the overall strong relationship between the composite 
parameters and pre-tornadic mesocyclone width suggests the importance of jointly considering 
the thermodynamic and wind shear components of the pre-convective environment when  
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Figure 3.4: Box-and-whisker plot showing the relationship between (a) 0-1 EHI, (b) 0-3 EHI, (c) 







Figure 3.5: Box-and-whisker plot showing the relationship between LCL height (hPa) and the 

















Figure 3.6: Box-and-whisker plot showing the relationship between 36RH (%) and the total 







Figure 3.7: Box-and-whisker plot showing the relationship between (a) S06 (m/s), (b) S03 (m/s), 
(c) 03SRH (m2/s2), and (d) 01SRH (m2/s2) and the total average pre-tornadic mesocyclone width 






anticipating the potential pre-tornadic mesocyclone characteristics that may develop in a certain 
environment, although the thermodynamic variables appear to be more important when all cases 
are analyzed together. 
When all cases are separated by the convective mode categories of discrete supercell 
(DSC, Table 3.4), quasi-linear convective systems (QLCS, Table 3.5), and multicell (MUL, see 
Sessa et al. 2020), the overall stronger relationship between pre-tornadic mesocyclone width and 
thermodynamic variables remains when viewed through the box-and-whisker analyses. It is 
important to highlight that the third width category (>3.5 km) for QLCS cases only contains two 
cases. For MLCAPE, SBCAPE, and MUCAPE there is an increase in pre-tornadic mesocyclone 
width for increasing values of CAPE, especially for the widths greater than 3.5 km for both DSC 
and QLCS cases, but the separation is greater for DSC cases (Figs. 3.8 and 3.9). This relationship 
is stronger for DSC cases than for QLCS cases for both SBCAPE (not shown) and MUCAPE, 
but MLCAPE has an equal relationship with pre-tornadic mesocyclone width for both modes 
(Figs 3.10 and 3.11) LI shows a strong relationship with pre-tornadic mesocyclone width for 
both DSC and QLCS cases as there is an increase in the mean LI with increasing pre-tornadic 
mesocyclone width for both modes (Figs. 3.10 and 3.11). The 03LR (not shown) and 36LR show 
a slightly stronger relationship with DSC cases compared to QLCS cases as there is a greater 
increase in the lapse rates with increasing pre-tornadic mesocyclone width for DSC cases (Figs. 
3.8 and 3.9). When LCL height is considered, DSC cases show a slightly better relationship than 
QLCS cases, as the widest pre-tornadic mesocyclones are more separated from the narrower 
mesocyclones (not shown). This pattern is consistent for composite parameters as well, with an 
increase in pre-tornadic mesocyclone width for increasing values of composite parameters with a 
greater separation between width groupings for DSC cases compared to QLCS cases, especially  
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1642.4, 2279.6 1540.4, 1977.0 3278.3, 3983.5 
Mean LI (°C) -2.35, -3.85 -3.28, -4.26 -4.47, -5.71 
3-6 km Lapse 
Rates (°C/km) 
-6.19, -6.58 -6.74, -7.11 -7.32, -7.75 
Mean 0-6 km 
Bulk Shear 
(m/s) 
20.3, 22.3 24.9, 28.2 26.5, 28.7 
Mean 0-3 km 
Bulk Shear 
(m/s) 
17.3, 20.7 18.9, 22.6 21.1, 23.6 
Mean 0-1 km 
Bulk Shear 
(m/s) 
10.1, 12.8 13.1, 15.8 11.2, 13.5 
Mean 0-1 km 
SRH (m2/s2) 
141.1, 194.7 205.2, 266.8 177.6, 231.1 
Mean 0-3 km 
SRH (m2/s2) 
217.6, 294.1 307.0, 402.3 304.9, 402.0 
Mean 0-1 km 
EHI 


















Greater than 3.5 km 
(19 cases) 
Mean 0-3 km 
EHI 
1.36, 1.94 1.79, 2.54 4.38, 6.54 
Mean SCP 5.94, 8.56 7.70, 11.0 18.5, 27.1 
Mean STP 0.85, 1.34 1.33, 2.09 2.99, 4.35 
LCL Pressure 
Level (hPa) 

























847.1, 1429.2 1060.6, 1476.1 2317.5, 2791.5  
Mean LI (°C) -1.10, -2.56 -2.34, -3.36 -3.02, -3.60 
3-6 km Lapse 
Rates (°C/km) 
-6.25, -6.85 -6.56, -6.99 -7.57, -8.20  
Mean 0-6 km 
Bulk Shear 
(m/s) 
25.7, 26.9 26.3, 29.2 25.3, 27.7 
Mean 0-3 km 
Bulk Shear 
(m/s) 
19.4, 22.5 21.5, 24.9 24.8, 26.7 
Mean 0-1 km 
Bulk Shear 
(m/s) 
13.5, 15.9 16.6, 19.4 13.0, 15.3 
Mean 0-1 km 
SRH (m2/s2) 
207.7, 261.5 253.4, 311.2 205.4, 238.2 
Mean 0-3 km 
SRH (m2/s2) 
294.8, 385.2 358.4, 444.9 293.1, 332.2 
Mean 0-1 km 
EHI 


















Greater than 3.5 km 
(2 cases) 
Mean 0-3 km 
EHI 
0.74, 1.49 1.43, 2.20 3.14, 4.10 
Mean SCP 4.55, 7.71 6.82, 10.3 13.2, 17.5 
Mean STP 0.71, 1.32 1.18, 1.78 2.04, 2.90 
LCL Pressure 
Level (hPa) 











































of the third category of the widest pre-tornadic mesocyclones from the two categories of 
narrower pre-tornadic mesocyclones (Figs. 3.10 and 3.11). There is a strong relationship with 
36RH for DSC cases shown by the separation of the widest pre-tornadic mesocyclones (Fig. 
3.12) but not for QLCS cases, which is likely highlighting the presence of elevated-mixed layers 
in many of the discrete cases as stated earlier.  
On the other hand, wind shear parameters show substantial overlap across each width 
grouping for both DSC and QLCS cases. For DSC cases, there is a slight increase in the mean for 
S08 (not shown), S06, and S01 bulk wind shear and 01SRH (not shown) and 03SRH with 
increasing pre-tornadic mesocyclone width, and a greater separation between the smallest width 
group and the two larger width groups for these variables (Fig 3.13). This is the pattern for 
QLCS cases as well, but there is more separation between each width category for S03 (Fig. 
3.14). Overall, MUL cases had a weak relationship between pre-tornadic mesocyclone width and 
all environmental variables (not shown). The conclusion here is that the environmental variables 
used in this study have a better relationship with pre-tornadic mesocyclone width for DSC cases 
compared to QLCS cases, especially CAPE and composite parameters. This may suggest that 
differences in the large scale pre-convective environment may not be as influential on the 
characteristics of pre-tornadic circulations in a QLCS, perhaps suggesting the role of mesoscale 
variations in the environment in the development of rotation in a QLCS compared to supercells. 
The relationship between the pre-tornadic mesocyclone and the environment was also 
analyzed as a function of season to explore any possible seasonal influence on environmental 
controls on the pre-tornadic mesocyclone. The monthly groupings of December-January-
February (DJF, Table 3.6) (17 cases), March-April-May (MAM, Table 3.7) (51 cases), June-


















































609.5, 938.4 894.3, 1242.3 960.9, 1247.5 
Mean LI (°C) -0.82, -2.04 -2.70, -3.81 -1.81, -2.34 
3-6 km Lapse 
Rates (°C/km) 
-6.4, -6.88 -6.99, -7.44 -6.86, -7.12 
Mean 0-6 km 
Bulk Shear 
(m/s) 
28.3, 28.3 28.3, 30.7 33.1, 34.6 
Mean 0-3 km 
Bulk Shear 
(m/s) 
21.5, 26.0 19.8, 23.0 32.4, 33.3 
Mean 0-1 km 
Bulk Shear 
(m/s) 
15.5, 18.7 14.7, 17.6 17.5, 19.2 
Mean 0-1 km 
SRH (m2/s2) 
258.4, 340.3 240.6, 306.5 264.2, 293.9 
Mean 0-3 km 
SRH (m2/s2) 
330.6, 458.85 328.4, 433.2 368.9, 397.9 
Mean 0-1 km 
EHI 


















Greater than 3.5 km 
(2 cases) 
Mean 0-3 km 
EHI 
0.71, 1.21 1.21, 1.96 1.47, 1.93 




1.05, 1.77 1.58, 2.07 
LCL Pressure 
Level (hPa) 

























1423.1, 1971.0 1352.5, 1781.0 3275.2, 3950.9 
Mean LI (°C) -2.25, -3.56 -2.68, -3.75 -4.79, -6.02 
3-6 km Lapse 
Rates (°C/km) 
-5.93, -7.06 -6.74, -7.15 -7.35, -7.80 
Mean 0-6 km 
Bulk Shear 
(m/s) 
23.4, 26.1 25.8, 29.6 26.9, 28.7 
Mean 0-3 km 
Bulk Shear 
(m/s) 
17.0, 19.5 21.0, 24.3 20.8, 23.2 
Mean 0-1 km 
Bulk Shear 
(m/s) 
12.8, 15.3 14.9, 17.4 11.6, 13.6 
Mean 0-1 km 
SRH (m2/s2) 
191.5, 233.2 217.2, 274.8 187.1, 239.3 
Mean 0-3 km 
SRH (m2/s2) 
276.6, 332.9 323.8, 405.8 307.2, 400.7 
Mean 0-1 km 
EHI 


















Greater than 3.5 km 
(15 cases) 
Mean 0-3 km 
EHI 
1.43, 2.11 1.69, 2.37 4.50, 6.51 
Mean SCP 6.53,  9.84 7.63, 11.0 18.9, 26.84 
Mean STP 1.23, 2.03 1.32, 1.94 3.37, 4.74 
LCL Pressure 
Level (hPa) 

























2073.6, 2710.1 2230.5, 2825.5 3968.1, 4878.0 
Mean LI (°C) -3.01, -5.17 -3.81, -4.70 -3.85, -5.17 
3-6 km Lapse 
Rates (°C/km) 
-6.15, -6.44 -6.39, -6.88 -7.56, -8.09 
Mean 0-6 km 
Bulk Shear 
(m/s) 
18.4, 20.5 17.7, 20.6 21.2, 27.9 
Mean 0-3 km 
Bulk Shear 
(m/s) 
16.4, 20.1 14.1, 17.4 18.7, 21.8 
Mean 0-1 km 
Bulk Shear 
(m/s) 
7.55, 10.0 8.27, 11.0 8.51, 12.1 
Mean 0-1 km 
SRH (m2/s2) 
101.9, 142.8 106.9, 160.6 112.5, 172.4 
Mean 0-3 km 
SRH (m2/s2) 
160.5, 222.4 182.6, 261.7 258.3, 373.9 
Mean 0-1 km 
EHI 


















Greater than 3.5 km 
(4 cases) 
Mean 0-3 km 
EHI 
1.17, 1.81 1.64, 2.44 4.75, 7.74 
Mean SCP 5.19, 7.95 6.86, 10.2 19.8, 31.8 
Mean STP 0.72, 1.20 0.75, 1.23 1.83, 3.29 
LCL Pressure 
Level (hPa) 


























875.6, 1562.0 1054.3, 1505.4  
Mean LI (°C) -0.98, -2.43 -2.33, -3.15  
3-6 km Lapse 
Rates (°C/km) 
-6.20, -6.60 -6.24, -6.53  
Mean 0-6 km 
Bulk Shear 
(m/s) 
24.2, 26.1 26.5, 28.2  
Mean 0-3 km 
Bulk Shear 
(m/s) 
19.1, 22.6 20.7, 24.0  
Mean 0-1 km 
Bulk Shear 
(m/s) 
13.0, 15.5 15.5, 18.7  
Mean 0-1 km 
SRH (m2/s2) 
179.3, 237.8 251.6, 309.2  
Mean 0-3 km 
SRH (m2/s2) 
278.5, 380.6 357.4, 442.3  
Mean 0-1 km 
EHI 


















Greater than 3.5 km 
(0 cases) 
Mean 0-3 km 
EHI 
0.78, 1.50 1.18, 1.86  
Mean SCP 4.70, 7.66 6.15, 9.25  
Mean STP 0.73, 1.31 1.15, 1.83  
LCL Pressure 
Level (hPa) 




(21 cases) were used. First, the overall seasonal breakdown of cases for each environmental 
variable was analyzed to see how well the dataset resembled climatology (e.g., Grams et al. 
2012; Thompson et al. 2012). Box-and-whisker plots show that this dataset does indeed match 
the expected seasonal climatology of severe convective environments, with DJF containing the 
strongest bulk shear events, especially deep-layer shear, and the weakest CAPE events, and JJA 
containing the weakest bulk shear events and the strongest CAPE events (Fig. 3.15). There is not 
any substantial seasonal variation in composite parameters, although there are generally larger 
values of composite parameters in MAM and JJA (Fig. 3.16). It is important to highlight that this 
analysis may be biased towards higher sheared environments, which may be influencing the 
results involving the wind shear related parameters. For each wind shear parameter, SON, DJF, 
and MAM contain much higher values compared to JJA (Fig. 3.15), and implications of this will 
be further explored below and in chapter 4. 
Regarding the environmental variables and pre-tornadic width, thermodynamic 
parameters during DJF did not have a strong relationship with pre-tornadic mesocyclone width, 
with MLCAPE, MUCAPE and LI only showing some separation of the group of smallest widths 
from the groups of larger widths (Fig. 3.17). On the other hand bulk shear parameters and 
composite parameters had a stronger relationship with pre-tornadic mesocyclone width (Figs. 
3.18 and 3.19). For MAM cases, all CAPE and thermodynamic variables as well as composite 
parameters had a strong relationship with pre-tornadic mesocyclone width, and show a distinct 
separation between width groupings when viewed through box-and-whisker plots (Figs. 3.20 and 
3.21); as before, bulk shear parameters show weak separation between width groups as well, 
particularly 01SRH and 03SRH (Fig. 3.22). For JJA, thermodynamic parameters, composite 






















































































tornadic mesocyclone width and showed separations between width groups in box-and-whisker 
analyses (Figs. 3.23, 3.24, and 3.25). This is the season that contained the strongest relationship 
with wind shear related parameters (e.g., Fig. 3.25). For SON cases, thermodynamic, composite, 
and bulk wind shear parameters had relatively stronger relationships with pre-tornadic 
mesocyclone width, and showed some separations between width groups in box-and-whisker 
analyses, but there was still noticeable overlap across these categories, and there are only cases 
in the first two width categories (Figs. 3.26, 3.27, and 3.28). Overall, these results suggest that 
CAPE and other thermodynamic variables have a strong relationship with pre-tornadic 
mesocyclone width in warm season months. Further exploration and a more even seasonal 
distribution of cases is needed to understand and make any conclusions about the relationship 
between wind shear variables and pre-tornadic mesocyclone width across seasons. 
Possible relationships between environmental variables and pre-tornadic mesocyclone 
intensity were also explored, as motivated by the operational community’s interest in this 
mesocyclone attribute. Intensity was defined as the peak differential velocity (ΔV) during the 
analysis of the pre-tornadic mesocyclone (see Sessa et al. 2020). When viewed through box-and-
whisker plots using three differential velocity categories: 20 m/s to 35 m/s (40 cases), 35 m/s (36 
cases) to 50 m/s, and greater than 50 m/s (26 cases), intensity was overall weakly related with 
wind shear parameters and showed the strongest relationship with thermodynamic and composite 
parameters (Table 3.10). For example, the mean values of CAPE parameters, lifted index, and 
lapse rates increase slightly with increasing ΔV, but there is overlap across the categories (Fig. 
3.29). Bulk shear and SRH parameters have the weakest relationship revealed through substantial 
overlap across intensity categories in box-and-whisker plots (not shown). On the other hand, 


































































Table 3.10: Mean values of the spatial mean and peaks of select parameters (i.e., mean of spatial 
mean, mean of peak) sampled from the sampling domain in the environmental analysis separated 
by the three peak pre-tornadic mesocyclone intensity (differential velocity) categories of 20 m/s-

























1175.5, 1663.0 1502.1, 1958.5 2642.4, 3241.4 
Mean LI (°C) -2.09, -3.40 -2.68, -3.79 -3.75, -4.81 
3-6 km Lapse 
Rates (°C/km) 
-6.33, -6.76 -6.78, -7.20 -7.12, -7.57 
Mean 0-6 km 
Bulk Shear 
(m/s) 
24.21, 26.9 25.7, 27.4 26.4, 29.5 
Mean 0-3 km 
Bulk Shear 
(m/s) 
18.6, 21.8 19.5, 23.0 22.3, 24.9 
Mean 0-1 km 
Bulk Shear 
(m/s) 
13.5, 16.0 12.9, 15.6 13.6, 16.1 
Mean 0-1 km 
SRH (m2/s2) 
203.5, 259.5 195.5, 254.2 204.2, 257.5 
Mean 0-3 km 
SRH (m2/s2) 




















Greater than 50 m/s 
(26 cases) 
Mean 0-1 km 
EHI 
0.81, 1.25 1.04, 1.56 2.04, 2.98 
Mean 0-3 km 
EHI 
1.21, 1.80 1.67, 2.54 3.40, 5.04 
Mean SCP 5.54, 8.22 7.66, 11.3 14.9, 21.9 
Mean STP 0.97, 1.61 1.21, 1.89 2.43, 3.51 
LCL Pressure 
Level (hPa) 





Figure 3.29: Box-and-whisker plot showing the relationship between (a) MLCAPE (J/kg), (b) 
MUCAPE (J/kg), (c) LI (°C), and (d) 36LR (°C/km) and the peak pre-tornadic mesocyclone 







mesocyclone intensity when viewed through box-and-whisker plots, as there is an increase in the 
mean of the composite parameters with increasing ΔV, with the strongest pre-tornadic 
mesocyclones (ΔV>50 m/s) forming in environments characterized by the largest values of 
composite parameters (Fig. 3.30). 
When these relationships are broken down by convective mode, CAPE parameters have a 
much stronger relationship with pre-tornadic mesocyclone intensity for DSC cases (Table 3.11), 
except for 0-3 km CAPE, compared to QLCS cases (Table 3.12). This relationship is highlighted 
in box-and-whisker plots through the separation of the most intense pre-tornadic mesocyclones 
(ΔV>50 m/s) from the weaker pre-tornadic mesocyclones for DSC cases versus the substantial 
overlap across pre-tornadic ΔV categories for QLCS cases (Figs. 3.31 and 3.32). For lifted index 
and lapse rates, the relationship with pre-tornadic mesocyclone intensity is relatively consistent 
across convective modes with relatively more overlap across pre-tornadic ΔV categories (Figs. 
3.31 and 3.32). On the other hand, S03 and S01 have a weak relationship for DSC cases but a 
better relationship with QLCS cases, as can be seen through the separation between ΔV 
categories for QLCS cases (Figs. 3.33 and 3.34). Deep-layer shear had a better relationship with 
DSC cases, though (Figs. 3.33 and 3.34). In a similar manner, the relationship with 01SRH and 
03SRH is very poor for DSC cases with some slight separation between ΔV categories shown for 
QLCS cases. Interestingly, 36RH shows a strong separation between ΔV categories for discrete 
cases, but not for QLCS cases, with much drier mid-level environments associated with stronger 
pre-tornadic mesocyclones. This is, again, likely due to the presence of elevated-mixed layers in 
the discrete supercell environments (not shown). Finally, composite parameters demonstrate a 
stronger relationship with pre-tornadic mesocyclone intensity for both DSC and QLCS cases, 




Figure 3.30: Box-and-whisker plot showing the relationship between (a) 01EHI, (b) 03EHI, (c) 
































1633.3, 2059.7 1892.8, 2320.7 3150.4, 3769.1 
Mean LI (°C) -2.93, -4.36 -3.28, -4.36 -4.30, -5.41 
3-6 km Lapse 
Rates (°C/km) 
-6.20, -6.65 -7.00, -7.36 -7.16, -7.57 
Mean 0-6 km 
Bulk Shear 
(m/s) 
22.0, 25.7 24.3, 26.5 26.9, 29.4 
Mean 0-3 km 
Bulk Shear 
(m/s) 
18.2, 21.5 18.7, 22.6 21.2, 23.4 
Mean 0-1 km 
Bulk Shear 
(m/s) 
11.7, 14.6 11.7, 14.4 12.0, 14.3 
Mean 0-1 km 
SRH (m2/s2) 
182.9, 243.2 177.7, 237.3 188.1, 239.8 
Mean 0-3 km 
SRH (m2/s2) 
























Greater than 50 m/s 
(18 cases) 
Mean 0-1 km 
EHI 
1.04, 1.55 1.27, 1.87 2.40, 3.44 
Mean 0-3 km 
EHI 
1.61, 2.28 2.10, 3.16 4.08, 5.99 
Mean SCP 6.79, 9.96 9.18, 13.6 17.1, 24.7 
Mean STP 1.11, 1.91 1.41, 2.20 2.86, 4.10 
LCL Pressure 
Level (hPa) 





























817.8, 1296.3 1155.1, 1735.8 1531.9, 2080.0 
Mean LI (°C) -1.42, -2.70 -2.11, -3.32 -2.68, -3.57 
3-6 km Lapse 
Rates (°C/km) 
-6.30, -6.80 -6.51, -7.04 -7.08, -7.71 
Mean 0-6 km 
Bulk Shear 
(m/s) 
25.9, 27.9 26.5, 27.6 25.4, 29.4 
Mean 0-3 km 
Bulk Shear 
(m/s) 
19.4, 22.6 21.2, 24.24 25.0, 28.6 
Mean 0-1 km 
Bulk Shear 
(m/s) 
14.6, 16.9 14.4, 17.5 18.1, 21.1 
Mean 0-1 km 
SRH (m2/s2) 
222.3, 275.2 228.5, 283.6 258.2, 319.6 
Mean 0-3 km 
SRH (m2/s2) 
























Greater than 50 m/s 
(5 cases) 
Mean 0-1 km 
EHI 
0.64, 1.12 0.93, 1.49 1.38, 2.24 
Mean 0-3 km 
EHI 
0.88, 1.52 1.42, 2.26 2.04, 3.28 
Mean SCP 4.52, 7.42 6.86, 10.2 10.2, 16.9 
Mean STP 0.82, 1.42 1.11, 1.76 1.45, 2.19 
LCL Pressure 
Level (hPa) 


























Figure 3.33: Box-and-whisker plot showing the relationship between (a) S06 (m/s), (b) S03 
(m/s), (c) 03SRH (m2/s2) (°C), and (d) 01SRH (m2/s2) and the peak pre-tornadic mesocyclone 

















associated with stronger pre-tornadic mesocyclones, especially in the DSC cases (Figs. 3.35 and 
3.36). The conclusion here is that composite parameters have the strongest relationship with pre-
tornadic mesocyclone intensity for both convective modes, but is stronger for DSC cases, and 
low-level wind shear parameters are a better predictor of pre-tornadic mesocyclone intensity in 
QLCS cases compared to DSC cases. Deep layer wind shear parameters are a better predictor of 
pre-tornadic mesocyclone intensity in DSC cases compared to QLCS cases, and CAPE 
parameters are a better predictor of pre-tornadic mesocyclone intensity in DSC cases compared 
to QLCS cases. 
It is also relevant to understand how the tornadic environments sampled in this study 
compare to the much larger samples of tornadic environments in previous studies (e.g., 
Thompson et al. 2012). In particular, note that because Thompson et al. (2012) consider every 
tornado hour of the year, their results are heavily influenced by the environments of weaker 
tornadoes and by the environments during months of most frequent tornado occurrence (i.e., May 
and June). As in Thompson et al. (2012), box-and-whisker plots were used to explore the 
relationship between environmental parameters and tornado EF rating, with the EF groups of 
EF0-1 (48 cases), EF2-3 (45 cases), and EF4-5 (10 cases) used here (Table 3.13). In this study, 
SBCAPE, MUCAPE, and MLCAPE (mean values across sampling domain) have a strong 
relationship with EF rating, with the higher EF rated tornadoes forming in environments 
associated with larger amounts of CAPE, and in particular with EF4-5 tornadoes well separated 
from the other EF categories (Fig. 3.37). Other thermodynamic parameters such as the LI, 03LR, 
and 36LR also have a strong relationship with EF rating, with environments characterized by 
greater instability being associated with stronger tornadoes (Fig. 3.37). For 36RH, EF4-5 




















Table 3.13: Mean values of the spatial mean and peaks of select parameters (i.e., mean of spatial 
mean, mean of peak) sampled from the sampling domain in the environmental analysis separated 
by the three EF rating categories of EF0-EF1, EF2-EF3, and EF4-EF5 for all cases. 













1231.6, 1717.8 1672.5, 2225.3 3450.1, 4042.6 
Mean LI (°C) -2.11, -3.39 -2.91, -3.98 -4.73, -5.92 
3-6 km Lapse 
Rates (°C/km) 
-6.30, -6.83 -6.81, -7.23 -7.51, -7.97 
Mean 0-6 km 
Bulk Shear 
(m/s) 
24.6, 26.6 25.1, 28.4 29.1, 30.6 
Mean 0-3 km 
Bulk Shear 
(m/s) 
18.7, 21.9 20.5, 23.9 22.4, 24.3 
Mean 0-1 km 
Bulk Shear 
(m/s) 
12.9, 15.7 14.1, 16.6 11.4, 13.5 
Mean 0-1 km 
SRH (m2/s2) 
195.1, 253.1 210.5, 265.8 185.2, 236.9 
Mean 0-3 km 
SRH (m2/s2) 
285.7, 370.7 316.4, 408.7 303.0, 382.5 
Mean 0-1 km 
EHI 




Table 3.13 (cont.) 






Mean 0-3 km 
EHI 
1.29, 1.95 1.97, 3.03 4.69, 6.69 
Mean SCP 5.74, 8.68 9.23, 13.9 19.7, 27.1 
Mean STP 0.98, 1.63 1.44, 2.20 3.51, 4.79 
LCL Pressure 
Level (hPa) 






Figure 3.37: Box-and-whisker plot showing the relationship between (a) MLCAPE (J/kg), (b) 






frequent presence of elevated mixed-layers in the significant tornado environments (Fig. 3.38). 
Also, strong tornadoes tend to form in environments characterized by large values of composite 
parameters (01EHI, 03EHI, SCP, and STP) demonstrated by the separation of EF4-5 tornadoes 
in the box-and-whisker plots (Fig. 3.39). On the other hand, all bulk shear and SRH parameters 
have a weak relationship with EF rating, which is counter to the results of Thompson et al. 
(2012) (Fig. 3.40). There is a slight increase in the mean of each parameter across the EF rating 
groupings for the bulk shear parameters (S08, S06, S03, S01), but there is still substantial 
overlap across each EF rating group (Fig 3.40). 
When the relationship between the environmental variables and EF rating is explored by 
convective mode (Tables 3.14 and 3.15), acknowledging there are no EF4-5 tornadoes for QLCS 
cases, there is an equally strong relationship between EF rating and SB, ML, and MU CAPE, 
with large separation of their means between EF4-5 tornadoes and weaker tornadoes for DSC 
cases (Fig. 3.41). LI has an equally strong relationship for both DSC and QLCS cases while 
lapse rates have a better relationship with DSC cases (Figs. 3.41 and 3.42). For bulk shear and 
SRH parameters, there is an increase in the mean across each EF rating group but substantial 
overlap for both DSC and QLCS cases (Figs. 3.43 and 3.44). 36RH has a strong relationship with 
DSC cases, but not QLCS cases, as there is large separation between the means of each EF rating 
group with EF4-5 tornadoes forming in the driest mid-level pre-convective environments (not 
shown). Once again, this is likely capturing the common presence of an elevated-mixed layer in 
the DSC supercell environments supportive of strong tornadoes. Lastly, composite parameters 
show a much stronger relationship with DSC cases than with QLCS cases. This is shown through 
the separation of means across EF rating groups for DSC cases versus the substantial overlap for 









Figure 3.39: Box-and-whisker plot showing the relationship between (a) 01EHI, (b) 03EHI, (c) 









Figure 3.40: Box-and-whisker plot showing the relationship between (a) S06 (m/s), (b) S03 







Table 3.14: As in Table 3.13, except now for DSC cases. 













1742.1, 2234.0 2033.1, 2657.6 3450.1, 4042.6 
Mean LI (°C) -3.04, -4.32 -3.42, -4.53 -4.73, -5.92 
3-6 km Lapse 
Rates (°C/km) 
-6.43, -6.85 -6.86, -7.22 -7.51, -7.97 
Mean 0-6 km 
Bulk Shear 
(m/s) 
21.8, 25.1 24.7, 27.4 29.1, 30.6 
Mean 0-3 km 
Bulk Shear 
(m/s) 
17.9, 21.0 19.3, 22.9 22.4, 24.3 
Mean 0-1 km 
Bulk Shear 
(m/s) 
11.1, 13.5 12.4, 15.2 11.4, 13.5 
Mean 0-1 km 
SRH (m2/s2) 
170.5, 228.6 189.3, 247.8 185.2, 236.9 
Mean 0-3 km 
SRH (m2/s2) 
261.5, 343.4 302.0, 406.6 303.0, 382.5 
Mean 0-1 km 
EHI 






Table 3.14 (cont.) 






Mean 0-3 km 
EHI 
1.86, 2.60 2.42, 3.72 4.69, -6.69 
Mean SCP 7.33, 10.7 10.8, 16.3 19.7, 27.1 
Mean STP 1.20, 1.97 1.64, 2.55 3.51, 4.79 
LCL Pressure 
Level (hPa) 





Table 3.15: As in Table 3.13, except now for QLCS cases. 













881.7, 1403.8 1269.9, 1729.4  
Mean LI (°C) -1.45, -2.76 -2.34, -3.39  
3-6 km Lapse 
Rates (°C/km) 
-6.30, -6.81 -6.75, -7.29  
Mean 0-6 km 
Bulk Shear 
(m/s) 
26.4, 27.5 25.2, 29.0  
Mean 0-3 km 
Bulk Shear 
(m/s) 
19.6, 22.7 22.6, 25.8  
Mean 0-1 km 
Bulk Shear 
(m/s) 
14.0, 16.7 16.8, 19.3  
Mean 0-1 km 
SRH (m2/s2) 
217.2, 273.4 249.2, 300.9  
Mean 0-3 km 
SRH (m2/s2) 
307.8, 394.1 353.1, 438.4  
Mean 0-1 km 
EHI 






Table 3.15 (cont.) 






Mean 0-3 km 
EHI 
0.92, 1.63 1.64, 2.53  
Mean SCP 4.96, 7.88 7.96, 12.1  
Mean STP 0.86, 1.48 1.23, 1.85  
LCL Pressure 
Level (hPa) 
































































When these EF rating results are compared to previous studies, there are both 
consistencies and discrepancies, although this dataset only contains 102 tornadic events. This 
study has found a much stronger relationship between EF rating and CAPE parameters than 
previous studies, and a much weaker relationship between EF rating and wind shear parameters 
for both convective modes. On the other hand, the relationships with composite parameters in 
this study are consistent with previous findings (e.g., Thompson et al. 2012). The seasonal 
findings are also consistent with previous findings. The different sizes and compositions of the 
datasets are likely the main factor creating the discrepancies found, although the differing 
methods in which environments and tornado events are chosen is also a significant factor which 
will be explored further in chapter 4. 
 
Operational Application 
The preceding analyses of environmental variables and their relationship with pre-
tornadic mesocyclone width was completed with the goal that these results could be used 
operationally as a means to anticipate the potential for wide pre-tornadic mesocyclones, and 
therefore strong tornadoes (see Sessa et al. 2020, and Chapter 2). According to the results in this 
study, the identification of an environment characterized by large values of CAPE, other 
thermodynamic variables, and composite parameters would justify the anticipation of the 
development of wider pre-tornadic mesocyclones given the initial development of thunderstorms 
in an environment supportive of the development of rotating updrafts. The identification of large 
values of composite parameters in an environment supportive of either discrete supercells or 
QLCSs would justify the anticipation of stronger pre-tornadic mesocyclones. Additionally, large 
CAPE environments would be more supportive of stronger pre-tornadic mesocyclones for 
143 
discrete supercells and strong low-level wind shear would be more supportive of stronger 
mesocyclones for QLCSs. The results of the seasonal analysis suggest that there may be 
important, operationally relevant relationships between wind shear parameters and pre-tornadic 
mesocyclone width as well, but further exploration of this relationship is needed before concrete 
conclusions can be made including increasing the sample size of cases as well as considering the 
impact of different sampling methods. 
 To illustrate the possible operational applicability, consider the pre-convective 
environment and pre-tornadic mesocyclone characteristics of a high-EF discrete and low-EF 
QLCS case. On 28 April 2014, an EF4 tornado developed from a discrete supercell, tracked for 
over 30 km across Faulkner County, AR, and had a maximum damage path width over 1100 m. 
The pre-convective environment was characterized by SB, ML, and MU CAPE of near 3000 
J/kg. Additionally, there was strong instability given an LI of -6°C, 0-3 km lapse rates of near -
6.5°C/km, and 3-6 km lapse rates of near -7.5°C/km. Also, this was a highly sheared 
environment with 0-8 km and 0-6 km bulk shear values of greater than 30 m/s, 0-3 km bulk shear 
of about 25 m/s, and 0-1 bulk shear of about 18 m/s; the 0-1 km SRH and 0-3 km SRH were 
greater than 350 m2/s2 and 500 m2/s2, respectively. Large values of composite parameters 
highlighted the increased potential for the development of tornadic supercells with 0-1 km EHI 
and 0-3 km EHI of near 5.5 and 7.0, respectively, and SCP and STP near 24 and 5, respectively. 
The 00 UTC observed sounding from KLZK (Fig. 3.47), which was within 30 minutes and 50 
km of tornadogenesis, supports the environmental sampling done using the 23 UTC RAP 
analysis (see Table 3.16). CAPE parameters and lapse rates computed using the observed 
sounding and RAP analysis data had differences of 400 J/kg and 0.5 °C/km, respectively. Bulk 





Figure 3.47: Observed KLZK sounding from 00 UTC on 28 April 2014. 
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Table 3.16: Spatial mean and peak environmental parameters (spatial mean, peak) sampled from 
the sampling domain using the 23 UTC RAP analysis compared to parameters sampled from the 





























1904, 2662  2933  
SBCAPE 
(J/kg) 
2223, 2702  2057  
MUCAPE 
(J/kg) 










-6.76, -7.39  6.9  
LI (°C) -2.43, -5 -5 
S08 (m/s) 28, 30 29 
S06 (m/s) 28, 31 27 
S03 (m/s) 27, 28 29 
S01 (m/s) 17, 19 22 
01SRH 
(m2/s2) 
342, 465   420 
03SRH  
(m2/s2) 
510, 661 595 
SCP 24, 28 42 
STP 4, 6 5.1 
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extreme in both, with the RAP-based values near 30 and the observed sounding having a value of 
42. Fixed-layer STP was within 1 of the observed sounding value of 6.4. Given the results of this 
study and of Sessa et al. (2020), this pre-convective environment would be supportive of wide, 
strong pre-tornadic mesocyclones and, therefore, strong tornadoes. At 00:01:36 UTC, a discrete 
storm in northeastern Saline County, AR developed a wide rotating updraft as identified by the 
KLZK WSR-88D. The average width of the mesocyclone across the three lowest tilts at this time 
was 6.16 km, and the average mesocyclone ΔV was 34.98 m/s (Fig 3.48). This mesocyclone 
remained wide during its 17 minute pre-tornadic lifetime until just prior to tornadogenesis where 
it underwent some narrowing and intensification. Over this time, the average width of the pre-
tornadic mesocyclone was 5.67 km, and the radar-based identification of this wide mesocyclone 
could have allowed for the anticipation of the eventual strong and damaging tornado it produced. 
On 19 April 2019, an EF1 tornado developed within a QLCS, tracked for about 18 km 
through Nash County, NC, and had a maximum path width of 320 m. The pre-convective 
environment was characterized by ML CAPE near 700 J/kg and SB and MU CAPE of near 1000 
J/kg. Additionally, there was moderate instability given a lifted index of -3°C, 0-3 km lapse rates 
of near -6.5°C/km, and 3-6 km lapse rates of near -5.5°C/km. This was a moderately sheared 
environment, highlighted by stronger low-level shear, with 0-8 km and 0-6 km bulk shear values 
of about 25 m/s, 0-3 km bulk shear of about 22 m/s, and 0-1 bulk shear of about 20 m/s. Also, 0-
1 km SRH and 0-3 km SRH were about 275 m2/s2 and 300 m2/s2, respectively. Relatively lower 
yet still significant values of composite parameters highlighted the potential for the development 
of rotation within the QLCS, with 0-1 km EHI and 0-3 km EHI of near 1.25 and 1.5, 
respectively, and SCP and STP near 7.5 and 1.75, respectively. The 00 UTC observed sounding 




Figure 3.48: Radar reflectivity factor (dBZ) (a-c) and storm relative Doppler velocity (m/s) (d-f) 
at the 0.5°, 0.9°, and 1.3° elevation angles, for the pre-tornadic supercell associated with the 
Faulkner, Arkansas EF4 tornado on 28 April 2014 at 0136 UTC. The distance from the radar was 
approximately 41 km and the 0.5° beam height was approximately 477 m. This is the time of the 







Figure 3.49: Observed KMHX sounding from 00 UTC on 19 April 2019.  
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environmental characterization using the 21 UTC RAP analysis (see Table 3.17). CAPE 
parameters were within 250 J/kg, and lapse rates were within 0.5 °C/km. Bulk shear parameters 
were within ±5 m/s and SRH values were within 50 m2/s2. SCP values were 8.6 for the RAP and 
11.5 for the observed sounding. Fixed-layer STP was 2.14 for the RAP, and 1.4 for the observed 
sounding. Given the results of this study and of Sessa et al. (2020), this pre-convective 
environment would be supportive of narrower pre-tornadic mesocyclones and weaker tornadoes. 
At 22:00:24 UTC, a QLCS in Nash County, NC developed a narrow rotation signature as 
identified by the KRAX WSR-88D. The average width of the mesocyclone across the three 
lowest tilts at its widest point at 22:03:12 was 2.94 km, and the average mesocyclone ΔV was 
23.02 m/s (Fig 3.50). Throughout its brief pre-tornadic lifetime of about 8 minutes, the pre-
tornadic mesocyclone remained narrow, with an average width of 2.57 km. The radar-based 
identification of this narrow mesocyclone could have allowed for the anticipation of the eventual 
weaker QLCS tornado. Note however that the short-lived and weak nature of this pre-tornadic 
QLCS circulation highlights the operational difficulty of anticipating QLCS tornadogenesis, and 










Table 3.17: Spatial mean and peak environmental parameters (spatial mean, peak) sampled from 
the sampling domain using the 21 UTC RAP analysis compared to parameters sampled from the 






























723, 803  1040  
SBCAPE 
(J/Kg) 
1126, 1257 749 
MUCAPE 
(J/Kg) 










-5.69, -5.8 5.3 
LI (°C) -2.7, -3  -2  
S08 (m/s) 25, 30 34 
S06 (m/s) 25, 26 22 
S03 (m/s) 23, 27 28 
S01 (m/s) 20, 24 25 
01SRH 
(m2/s2) 
270, 340   402 
03SRH 
(m2/s2) 
316, 392 433 
SCP 7.09, 9.57 11.5 
STP 1.71, 2.14 1.4 
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Figure 3.50: Radar reflectivity factor (dBZ) (a-c) and storm relative Doppler velocity (m/s) (d-f) 
at the 0.5°, 0.9°, and 1.3° elevation angles, for the pre-tornadic supercell associated with the 
Nash, North Carolina EF1 tornado on 19 April 2019 at 2203 UTC. The distance from the radar 
was approximately 63 km and the 0.5° beam height was approximately 837 m. This is the time of 
the peak total average mesocyclone width, and the peaks are marked with black dots.  
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CHAPTER 4: SUMMARY, CONCLUSIONS, AND FUTURE WORK 
 
In chapter 2, operational radar data and tornado reports were used to test the generality of 
the Trapp et al. (2017) hypothesis that wide, intense tornadoes should form more readily out of 
wide, rotating updrafts. A new radar dataset was assembled that focuses explicitly on the pre-
tornadic characteristics of the mesocyclone, which allowed for the elimination of the effects of 
the tornado itself on the mesocyclone characteristics. GR2Analyst was used to manually analyze 
102 tornadic events during the period 27 April 2011 to 1 May 2019. The corresponding 
tornadoes had damage (EF) ratings ranging from EF0 to EF5, and all were within 100 km of a 
WSR-88D. Several linear regression analyses were completed comparing characteristics of the 
pre-tornadic mesocyclone to tornado intensity. A key finding was that the linear regression 
between the EF rating of the tornado and the mean, pre-tornadic width of the mesocyclone for all 
cases yields a coefficient of determination (R2) value of 0.75. This linear relationship was higher 
for DSC (supercell) cases (R2=0.82), and lower for QLCS cases (R2=0.37). Overall, it was 
determined that pre-tornadic mesocyclone width tends to be a persistent, relatively time-invariant 
characteristic that is a good predictor of potential tornado intensity. In contrast, the pre-tornadic 
mesocyclone intensity (differential velocity) tends to exhibit considerable time variability, and 
thus would offer less reliability in anticipating tornado intensity. 
With regards to continuing the work described in chapter 2, it is suggested that further 
analysis of the pre-tornadic mesocyclone, and its co-evolution with updraft properties revealed at 
cloud top through overshooting top area (Marion et al. 2019), be conducted to explore for the 
presence of any operationally useful trends which would allude to a potential tornado intensity or 
tornadogenesis. In addition, case simulations using the Weather Research and Forecasting model 
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should be used to further explore the relationship between the pre-tornadic mesocyclone and 
tornado intensity and any potential environmental controls. 
The robust correlation shown between pre-tornadic mesocyclone width and EF rating in 
Sessa et al. (2020) warranted further exploration of the environmental characteristics of each 
case, to better understand the environmental controls on the pre-tornadic mesocyclone width and 
intensity, as well as any dependence of the pre-tornadic mesocyclone characteristics on 
convective mode. RAP analysis data were used to sample the environments in which the pre-
tornadic mesocyclones formed. The peak, mean, and median values of several thermodynamic, 
wind shear, and composite parameters were determined within a sampling domain containing the 
location of mesocyclogenesis. A key finding was that the pre-tornadic mesocyclone width was 
well correlated with CAPE and composite parameters. This relationship was stronger for DSC 
cases and cases found during MAM and JJA. Any concrete conclusions regarding wind shear 
parameters requires further analysis. For pre-tornadic mesocyclone intensity, composite 
parameters had the strongest relationship for both convective modes, but were stronger for DSC 
cases. Low-level wind shear parameters were a better predictor of pre-tornadic mesocyclone 
intensity in QLCS cases compared to DSC cases, and CAPE parameters were a better predictor 
of pre-tornadic mesocyclone intensity in DSC cases compared to QLCS cases. 
To address some of the questions raised in chapter 3 about the sampling methods and the 
potential bias of the dataset, a few additional analyses were completed. First, the number of times 
in the dataset in which a stronger tornado occurred in the same environment as a weaker tornado 
case was explored. This was motivated by the sampling methods of previous studies (e.g., 
Thompson et al. 2012), in which the highest EF rated tornado from a specific area in time and 
space was selected. It was determined that there were 10 occurrences out of 102 events where a 
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weaker tornado was sampled when a stronger tornado had occurred within 100 km and 1 hour of 
the weaker sample tornado. The conclusion here is that this was not a major limitation to this 
study, especially since the majority of these 10 cases had a tornado with a one EF category 
higher rating (e.g., an EF0 tornado was sampled instead of the nearby EF1 tornado). 
To make further comparison to previous studies containing much larger datasets (e.g., 
Thompson et al. 2012; Grams et al. 2012), the dataset in this study was artificially expanded 
from 102 cases to 10144 cases to explore if this would change the results and conclusions of this 
study. This was completed by multiplying each case and its associated statistics by a different 
range of random numbers for each EF rating to try to match the distribution of EF ratings of the 
larger datasets of previous studies (EF0 tornadoes had the largest range of the largest random 
numbers and EF5 tornadoes had the smallest range of the smallest random numbers). The same 
analyses using pre-tornadic mesocyclone width and EF rating were completed using the 
artificially expanded dataset, and there was very little change in the results (not shown). Other 
methods similar to the method used here may be explored further to see how the results of this 
study could change, and compare to previous studies, when the size of the current dataset is 
expanded to match the size of larger datasets used in previous studies. 
A secondary concern raised in chapter 3 was whether or not the dataset assembled in this 
study was biased towards higher shear and lower CAPE environments. To further explore this, 
CAPE-shear space diagrams and frequency diagrams were analyzed. The peak MLCAPE 
frequency diagram reveals that this dataset is biased towards low CAPE events (Fig. 4.1). The 
peak S06 and S01 frequency diagrams do not show that the dataset used is substantially biased 

















diagram does have a larger tail towards higher SRH, the peak is in a range of moderate 03SRH 
(Fig. 4.2c). On the other hand, the CAPE-shear space diagram reveals that the dataset does 
appear to represent a high shear-low CAPE dataset, especially when viewing the S06-MLCAPE 
diagram (Fig. 4.3). 
While these additional analyses helped to answer some of the questions raised in chapter 
3, there are still limitations to this study that need to be addressed. The addition of more cases 
with the purpose of having a more even seasonal distribution is a goal of future work, given the 
seasonal dependence of certain environmental variables. Additional cases will also help test the 














Figure 4.3: Scatterplots of (a) peak 03SRH (m2/s2) vs peak 100-hPa MLCAPE (J/kg) and (b) 
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